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Preface

Modern telecommumications are aimed at improving the safety and the data rate of messages, in particular by means of digital
techmgques, but also by increasing redundancy through the use of distributed systems.

The mam feature of distributed systems ts that transmitted and/or received signals are distnbuted into the Space-Time-
Frequency space. at least along one dimension.

Signal processing capabihity has evolved quickly during the last two decades, following the development of D.S P. components,
which allow fast and accurate treatment

New methods have made possible the handhing of complex problems such as: receiving in large antenna arrays of which OTH
radars are the best example, spread spectrum techniques, which greatly improve transmission viabihty, adaptive systems which
rely on time distributton in order to mitigate multipath effects, 2nd multistatic radars, able to detect stealth targets.

The objective of this Symposium has been to gather the best specialists in these fields, where propagation effects are presentin
the design of the systems

The present editing contains the texts of the lectures, along with following discussions or comments.

1 would like to thank the Sesston Chairmen who had to direct the discussions, and the Techmical Committee Members for the
umportant work they have accomplished

I am very grateful to the Greek Authorities, the National Delegate, and the Local Coordinator and hus staff, for their friendly
welcome and for the excellent orgamzation of the Symposium

I must also express my thanks to the EPP Admmustrator and his Secretary who provided, before, during, and after the
Symposium, precious and appreciated support.

Finally, I cannot forget my colleagues, Dr. LH. Richter, and the Ingénieur Général de TArmement P. Fuerxer, Deputy Chairmen
of thus Symposium, with whom I was so pleased to work.

C Goutclard
Deputy Chairman
Co-Editor

s

i

S e el



Préface

Les télécommunications modernes visent 8 améhorer la rapidité de transmission et la protection des messages notamment par
les techniques numéniques mas aussi en augmentant la redondance par 'utilisation de systémes distnbués.

Les systemes distribués doivent étre caracténsés par le fait que I'émisston et/ou la réception des signaux est répartie selon une
dimension, au moins. de I'espace minimum qui permet de les représenter: Temps-Fréquence-Espace.

Les possibihités de traitement du signal ont évoluées rapidement depuis deux decenntes grice aux composants qui permettent
d'effectuer des traitements numénques donc précis et rapides. De nouvelles méthodes ont donc permis de traiter des systémes
complexes, tels que la réception avec de grands réseaux d'antennes dont les radars transhorizon sont les exemples les plus
clairs, les techniques d'étalement de spectre d'o découle une grande sécunité de transmission, les systemes adaptatifs qui

s'appuient sur la distribution temporelle pour lutter contre les trajets multiples ou enfin les radars multistatiques susceptibles
d'assurer une riposte aur cibles furtives.

L'objectif de ce symposium a ét¢ de réunir les meitleurs spécialistes de ces domaines ob Pinfluence de Ia propagation est
présente dans toute conception de systemes.

Cette édition reproduit les textes des conférences présentées ainst que les discussions qui les ont accompagnées.

Je tiens a remercier les présidents de séances qui ont eu a conduire les discussions et les membres du comité technique pour
I'tmportant travail qu'ils ont accompti.

Que les autonités grecques, le délégué national, le coordonnateur local et son équipe acceptent I'expression de notre
reconnaissance pour l'accueil st sympathique que nous avons regu et I'exceliente organssation de ce symposium.

Mes remerciements s'adressent aussi a Fadmunistrateur de 'EPP et  son secrétaire qui ont apporté avant, pendant et apres le
symposium, une aide précieusc fort appréciée.

Comment pourrais-je oublier enfin dans ces remerciements mes collegues, le Docteur J.H. Richter et I'Ingémeur ¢n Chef de
Armament P. Fuerxer, co-Président de ce symposium avec qui j'ai eu tant de plaisir a travailler.

C.Goutelard
Co-Président
Co-Editeur
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Theme

Modern military systems must be resistant to electronic countermeasures, have high relability, and continuously assure high
quality functions. Distributed systems are more and more considered as an teresting possibility, among them- Space
Distribution, Time or Space-Time Distnbution, and Frequency Distribution.

When dealing with these techniques, effects of the medium on the coherence of the electromagnetic waves, non-homogeneities,
variability and dispersivity of the medium, must be taken into zccount. A better understanding of the physical phenomena will
lead to better technical solutions and will help push back the frontiers of current technical imitations. These techmques apply to
high rehiability communications, radar systems and satellite systems for radi localisation and range finding. For military
applications, modern systems largely rely on distributed systems, because of the additional benefits they bring, e.g. counter
jamming and performance improvement. Sophisticated signal processing enables the development of these techmques, which
provide military systems with the reliability, the hardening and the quality they require In addition, these systems are able to
survive in the battlefield environment.

The topics covered include: |

1 Lioutauon of the medium {ﬁ
2. Jammng and nowse reduc{lon cffects on distnibuted SYMEMy  pargf
3. Distributed systems.
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Théme

Les systemes mihtaires modernes dotvent étre resistants aux contremesures electromques, tatre preuve d'une grande habihite et
assurer en permanence des fonctions de premier ordre Les systemes distribués sont de plus en plus considéres comme une
option interessanie et en particulier : la distnbution dans I'espace, la distribution dans le temps, la distribution dans 'espace/
temps et 'attribution de fréquences.

En ce qu concerne ces techmques, 1l faut temir compte des effets du milieu de propagation sur la coaerence des ondes
électromagnétiques, amsi que des non-homogénéités, et de la vanabilité et de la dispersivité du milien Une meilleure
compréheaston du phénomeéne physique aménera des solutions techniques plus performantes, tout en fasant reculer les
frontiires imposées par les contraintes techmques actuelles

Ces techniques sappliquent aux réseaux de télécommunications 4 haute fiabiité qus sont les systemes radar et satelhite de
radiolocalisation et de éléméinie Pour les applicatons militaires, les systémes modernes sont généralement des systemes
distnbués en raison des avantages qui y sont associés I'ani-browllage et 'améhioration des performances. Ces techniques, qut
garantissent aux systemes militaires la fiabihité, le durcissement et fa qualité dont ils ont besoin, doivent leur existence a des
systemes sophistiqués de traitement du signal. En outre, ces systemes sont adaptés aux conditions de survie caracterstiques du
champ de bataille.

Parnu les sujets examinés on distingue.
La himtation du mihieu de propagation.

1
2. Les effets du browlage et de la réduction du brunt sur les systemes distribués
3. Les systemes distribués.
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THE DYNAMICS OF F-LAYER IRREGULARITIES RELATIVE TO SPACE,
TIME AND FREQUENCY DIVERSITY

by

Dr Jules Aarons
Center for Space Physics
Boston University
725 Commonwealth Avenue
Boston, MA 02215
United States

ABSTRACT

With the statistics of morphology of F-layer irregularities now in hand, it is possible to forecast
in broad terms what to expect at equatorial, auroral and polar latitudes during various levels of
solar flux. With the beginning of an understandingoo;thc effect of the various phases of mag-
netic storms on generating irregularities as noted the solar wind, ring current, convection,
auroral index, and etic index parameters, it is possible to roughly forecast levels of F-layer
in-e%:iarity inteuaig. ith these in hand, the utility of space, time, and frequency diversity
can be evaluated. Diversity could be used if forecasting in real time was possible. This study
outlines the dynamics of irregularity generation and inhibition during various phases of ring
current and magnetic activity, leaving the detailed use of diversity methods to the system oper-
ators. For the system operators, the duration and severity of the effects must be evaluated for
the particular Jocation.

INTRODUCTION

Irregularities at F-layer heights produce phase and amplitude fluctuations on signals traversing
the 1onosphere. They therelore have an effect on radio systems designed, developed or envis-
aged which utilize frequenciea from 20 MHz to 6 GHz. If the system is in the field, the using
organization is usually left to determine the need and utility of correction methods. The using
organization has to develop the day to day perturbations that have an effect on the system. In
the case of dealing with the problems that irregularities produce (fading, loss of signal, false
targets) the designer of the equipment has to be able to supply methods of minimizing these
effects. This has to mean a decrease in capability, It is there that the evaluation of {requency,
time or space diversity has to be made.

For forecasting ionospheric propefafgation ,l&amncters we have two distinct needs i.e. long term
statistical effects and dynamic effects. The planner ir. only concerned with the effects of mag-
netic storms such as were observed March 13 and 14, 1980 as a piece of his statistics, perhaps
the 99 percentile bracket. Data and analyses are at hand to forecast the morphology of F-layer
irregularities, l‘brecuti(x:} the morphology allows the evaluation of the utility of operating sys-
tems and ihe planning of back-ups.

However, the users of satellite communications at 250 MHz were dismayed on March 13 and 14,
1989 when auroral effects on transmission were noted as far from the auroral zone as Mexico
and Puerto Rico. Forecasting the dynamics will allow the use of real time warning and possible
uso of diversity as a function of geophysical conditions. It allows the system to warn operators
about im%endms problems. In this paper, we shall concentrate on two geophysical areas where
it is possible to evelox;lfomcnsting methods to determine the dynamics of irregularity genera-
tion; we shall look at the auroral and equatorial regions.

Using scintillation data from satellite transmissions, we shall note briefly the morphology of
irregularities producing scintillation but direct the study to the development of the irregularity
dynamics as a function of time and latitude.
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GLOBAL PATTERNS OF F-LAYER IRREGULARITIES
1. HIGH LATITUDE MORPHOLOGY AND DYNAMICS
». Morphology

‘We currently have a good idea as to the level of phase and amplitude scintillations and spread
F in the regions of importance. Figure 1 is a cartoon of the nighttime F-layer irregularities
affecting scintillation during years of high solar flux. The word cartoon is used to reflect the
broad brush somewhat inaccurate nature of the picture. It is an updated version of similar
global mers presented in the past (Aarons, 1982). It does establish the importance of the au-
roral, the polar, and the equatorial regions for this parameter. We know quite a bit about the
statistics of F-layer irregularities in the auroral and equatoria: regions, the areas to be discussed
in this paper. Excellent references on the occurrence and intensity of both phase and amplitude
fluctuations are given in Su. Basu et al, 198" and Su. Basu et al, 1988.

SUNSET

MIDNIGHT

FADING DEPT!{ DURING
HIGH SUNSPOT YEARS

Fig. 1
Figure 1. The nighttime F-layer irregulazity world in yeaes of high solar flux This is an
updated version of the scintillation activity as shown in Aarons (1982)

Much research has been done on the effect of magnetic activity on F-layer irregularities at auro-
ral latitudes. At high latitudes, a review of the data indicates a rather complex picture with

a seasonal, latitudinal and longitudinal dependence. In most of the studies (e.g. Rino and
Matthews, 1980), the data are analyzed by sorting into magnetically disturbef and quiet peri-
ods of time depending on whether Kp or Ap is greater than or less than some particular value.

b. Dynamics

However, the effects of the magnetic storms on F region irregularitiez undoubtedly depend on
the phases of the storms. For a particular observing point this means & correlation of the ef-
fects of storm development as a function of local time. This has been shown to be amply true
in the case of total electron content obtained from satellite observations (Mendillo et al, 1972).
We shall focus on the pattern of individual storm development.

From the modelling point of view, the irregularity data need a geophysical parameter around
which to organize occurrence and intensity. For the auroral region the forcing function has
been magnetic activity as shown by studies of low altitude satellites such as WIDEBAND and
TRANSIT as well as earlier work with radio stars and synchronous satellites. Increased solar
flux plays a role both pushing the F-layer irregularity region equatorwards in latitude and in-
creasing the quiet day intensity.
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In the study of the dynamics of the development of irregularities at auroral latitudes during a

tic storm, F-layer i ities are fgund to be generated during the injection ghase of
the magnetic storm, the st h and duration of which vary with the intensily and duration of
the storm components, The effect during this intial phase of a magnetic storm is proposed to
be the prompt electric field penetration to low latitudes due to the rate of motion of the equa-
torward edge of the auroral electric fields, before the shielding layer builds (Fejer ¢t al, 1989b,
and Foster and Aarons, 1988) When this penetration occurs, the conditions which produce the
F-layer irregularities descend to what had been sub-auroral latitudes. When the electric field
descends to lower latitudes there is a distinct time lapse along a particular longitude for the
irregularities to form. The source weakens and descends to lower latitudes probably as a func-
tion of the electric field and the ambient ionospheric conditions extant at that time. There is
no hole observed i.e. a region such as the trough where there are very weak irregularities, al-
though our data does not definitively rule this out, The descent could take place during the
day or during the night. During the right, the irregularity region under magnetically quiet cir-
cumstances has already descended to lower latitudes. Therefore, the latitude affected by the
equatorward direction of the source can be lower than during the day.

b, Development of the Classic Geomagnetic Storm

Sugiura and Chapman (1960) have shown the Dat levels from classical magnetic storms; we
have averaged and produced a curve of Dst in the diagram of Figure 2. We have added an ide-
alized Kp, substituting this for the DS used by Suguira and Chapman. Although this is not an
auroral electrojet index as suggested by Rostokerufl‘;'m) the use of Kp is justified on the basis
that we are working with auroral, sub-auroral and equatorial latitudes as well as a history of
correlation of irregularities with Kp. These curves indicate the immediate magnetic variations
and the injection of ions into the ring current (Dst) either the result of substorm injections
or Birkeland Region 2 currents. These occur in weak , moderate and great magnetic storms.
However, it should be noted individual storms rarely appear as the average storm of Figure 2.
From this classical picture there are two elements of interest. In the initial period of a magnetic
storm, Kp and AE increase. Ions are injected into the ring current but there is most often a
time lapse between the initial start of the storm ~nd the time period of maximum energy in the
ring current as measured by Dst.

A descriptive model of the dynamic effects
Kp INDEX of magnetic storms on auroral and sub-

auroral irregularities was developed by A.S.
‘/’\ Rodger and myself. In Figure 2 we show the
ok ~~— ‘ n})puent motion of the irregularity effects
Dat INDEX of the magnetic atorm, in reality the electric
field penetration as a function of latitude.

N
0 It first affects the auroral region with very
close correlation between the form of meg-
netic activity and the timing of scintillation
at auroral latitudes. As time proceeds, the
y, k effects descend to lower latitudes encom-

passing regions termed in quiet magnetic
petiods, sub-auroral lutituges. This is es-
sentially shown in the *storm day’ which
-80 1 we term Day 1. During this injection phase,
oT thle ring curAr;nt l!l(:res the ioxlx‘olpberic and
solar ions. After the storm, the ring current
IRREGULARITY INTENSITY decays and this decay is the lourccgfor the
70* I eneration of sub-auroral irregularities - and

table Auroral Red Arcs.

In this model of the time development of ir-
regularities in the F region, the initial irreg-
ularities obscrved are noted in the auroral
% E} oval, Within a matter of hours, the itreg-
é A ularity development maves equatorwards.
‘ While this can take place during daytime
hours, the presence of an E layer shorts out
Manght Mgt the hix:egu})nitin in % n;‘tﬂer ofh miputes to
an hour. During night hours, the penetra-
SDTAOYR? ngm’ NIGaHT tion of the electsric geld to lower lnptitudes
takes place along with the development of
MODEL OF IRREGULARITY INTENSITY irrcgularities.

DURING AND AFTER During( Bhe recovsxy phase oIl)' the ;naguet;c
storm (Day 2 and at times Day 3), the ef-
MAGNETIC STORM COMMENCE MENT et of the de~ay of ring current jions on the
. sub-auroral region is such that irregularities
F|g, 2 of low intensities are formed without auro-
ral or magnetic activity. The appearence of
intense F-layer irregularities at sub-auroral

50
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CORRECTED GEOMAGNETIC
LATITUDE
@
<

Figure 2. High latitude development of F-layer wregulari-
ties accordung to the model of Hodgers and Aarors. Dur-
g the initial injection phase of the magnetic storm, the
electric field penetrates to lower Iatitudes. However, with
the end of the magnetic storm, the ring current decays,
producing the conditions for irregulazity development at
sub-auroral latitudes.

latitudes over several days in the recovery
phase of magnetic storms is in a complex
manner correlated with the level and re-
covery pattern of Dst, the measure of ring
current energy density (Rodger and Aarous
1988, Aarons and Rodger, 1989).
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We shall illustrate (1) the time lapse of the descent during both night and day (2) the weaken-
ing and (3) the failure to find a latitude where the irregularity intensity (an irregularity trough)
decreases during the this early period of magnetic storm development.

THE DESCENT AND WEAKENING OF THE IRREGULARITY GENERATING SOURCE
MARCH 13-15,1989

The great m:fnetic storms of March 13-15, 1989 indicated the depth of penetration and weak-
ening of the electric field in an equatorward motion. In Figure 3a, scintillation data from
Hanscom Field, MA (525° CGL) and from AFB, Puerto Rico with an ionospheric prop-
agation intersection of 17* Geographic and 30.5* CGL are plotted. Longitudes of the two inter-
sections differ by 2°.

As shown in Figure 2a, the Hanscom Field observations at 250 MHz show very high levels on
March 13 and March 14 and lower levels on March 15. The Ramey AFB data at 137 MHz show
high levels for the first two days but fail to show scintillations on March 15.

HANSCOM AFB

2 e 2aaMEr
0 12 0 12
MARCH 13 MARCH 14 MARCH 15, 1989

RAMEY AFB PUERTO RICO

137 MHz
10

aB 5

1 :
12 0 12 0 12
Universal Time

DESCENT AND WEAKENING
Fig. 3a

Figure 3.a. Scintillation activity for data taken from the Boston area and from Puerto Rico
during the great magnetic storms of March 13-15, 1989,

For the night of March 13-14, the time when intense irregularitics are first noted from the
Boston area is approximately 2040 UT; the time when intense irregularities develop on the
Puerto Rico path is 2315 UT. On the night of March 13-14, scintilfation levels at 244 MHz
reached 19 dB peak to peak for the path from Hamscom AFB. For the lower latitude, path lev-
els were much lower at a lower frequency, reaching 9 dB excep? for a short burst.

The timing of the descent, i.e. essentially 2 hours 35 minutes to move 22* of latitude and the
weakenini:s shown by the low levels on the Puerto Rico path on March 13-14 are indicative of
the way the dynamic development takes place during the initial phases of the magnetic storm.
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At Millstone Hill, MA, all sky observations of 6300 A aurcra and SAR arcs are made routinely

the Boston Unjversity Mobile Ionospheric Observatory. For the night of March 13-14, when
of tions were allowable through clouds, saturated aurora were observed from 30* to 55° Ge-
ographic North. In Figure 3b, we have plotted the meridional component of the all sky optical
data for the next night, March 15. The meridional scans show continuous high levels from 01
to 0510 UT with a high level isolated patch noted from 0535 to 0550. On the Hanscom Field
scintillation data in Figure 3a, high levels can also be noted in these time periods. The Ramey
A™3B data for March 15 do not show any scintillation activity. The electric field on this day did
nov penetrate to this latitude. For this night, irregularities and aurora reached (and passed) 53¢
CGL but failed to reach the 30.6* CGL intersection of Ramey AFB.

6300A MERIDIONAL INTENSITIES
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MARCH 15, 1989

400 50 600
UNIVERSAL TME

Fig. 3b

Figure 3.b. Meridional scan of 6300 A auroral emissions taken by the Boston Univermty
Mobile Ionospheric Observatory at Millstone Hill, MA. on March 15, 1989

SEPTEMBER 19-20, 1984

With observations from Millstone Hill Incoherent
Seatter Radar, the electric field was determined
from convection patterns for September 19-20,
1984 {Figure 4 from Foster and Aarons, 1988). In
this i untgation, !:o wedm storm occurring durin;
morning hours . penetration equator

and weakening of the electric field as the fleld
moves to lower latititudes. Using the same satel-
lite, GOES 2, transmitting at 137 MHz, peak
to peak scintillation levels reached 16 dB on the
path through 61* CGL but only 2.5 dB through
53°. In addition, a time difference develops be-
tween the onset of irregularities at 60* and at 53¢
CGL, a difference of at least 45 minutes for the
7* geographic latitude difference.

Thus we have an equatorward motion of the
source that is weakened in its effect as it moves
away from the auroral region.
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Figure 4. Obsecvations of convection and scintillation for the Dot excursion and electric
field changes of September 19-20, 1984, The electric field penetration takes place later at

the lower latitude of 53° CGL than at 61° CGL. Ic addition, the effects are conmderably

weakened
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2. THE EQUATORIAL REGION: MORPHOLOGY AND DYNAMICS
a. Morphology

Solar flux has & first order effect on equatorial i:wlﬂuities. ‘With high solar flux the plume re-
gions show greater intensity and ter height. With high solar flux, the anomaly regions at
the edges of the equatorial zone show high electron densities at sunset hours before irregulari-
ties appear and these high electron densities continue after sunset. When irregularities appear
in the anomaly region intense microwave scintillations are observed during the pre-midnight
time period. During years of low solar flux, the anomaly region fails to show such levels. Stud-
ies with synchronous satellites and with optical observations have allowed the morphology and
nature of the irregularities in this region to be clearly catalogued (Su. Basu et al, 1988). An-
other ‘forcing function’ to be noted is the importance of the month of the year at vasious longi-
tudes with a lowering of irregularity occurrence and intensity during December and January in
the Pacific sector and a lowering of these levels in June in the 0~ 75° West sector.

b. Dynamics

The data on the correlation of the magnetic activity and equatorial irregularities has been sup-
plemented recently by research on individual storms. Among these, Dabas, et &l, 1988, con-
cluded that suppression of irregularities occurs if the recovery phase started during local day-
time hours. On the night that follows, scintillation and spread F were suppressed completely or
partially. Their conclusion about ‘partially’ may come about because it is difficult to idcn:ij'
irregularities coming from the west and d ing under different circumstances. They u

52 events at Lunping (Magnetic or Dip Latitude of intersection 14 9*). The difficulty with this
analysis is that Lunping is in the equatorial anomaly region and the absence of irrciularitiee
can be due to two posaibilities (1) only a thiu Iayer of irregularities was formed at the equator
and therefore the height of the plume did not reach the altitudes necessary to produce irreg-
ularities on the field line througi which Lunping makes the observations or (2) the absence of
irregularities.

In the case of equatorial F-layer irregularities, several studies have shown correlation with the
phase of the storm in the equatorial region (DasGupta et af, 1985). We shall focus on the Eut-
tern of the effects of the phases of the magnetic storms coupled with the local time when the
ring current parameter, lgst, is maximum,

The concept that is being developed is as follows: if the maximum level of the ring current en-
erﬁ'. as shown by the value of Dst, is reached in the early afternoon, then the F-layer height

will be affected. The reduction of the normal height duting months when irregularity activity is
noted almost every night, essentially inhibits irregularity activity during the night. If the max-
imum Dst level occurs in the midnight to post-midnight time period then the layer height will
fall and irregularities will be produced. It should be noted that these concepts follow from early
work in spread F and scintillation data. The difference is the use of the Dst maximum as the
keynote in the effect and in careful use of the local time.

c. DECEMBER 20, 1980 MAGNETIC STORM

An illustration of the effects of the ring current can be shown by using our own and published
observations of irregularities in the equatorial region for the magnetic storm of December 19-
20, 1980. This is shown in Figure 5. The two top panels show Kp for the period and Dst. The
data set illustrates the inhibition of irregularities when the maximum Dst is in the noon to af-
ternoon time period, the increase in irregularity activity when the maximum Dst excursion is in
the midnight to post-midnight time period and the absence of an effect on irregularities when
the Dst maximum excursion occurs after sunset,
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Figure 5 Irregularity data for December 18-21, 1980 for var-
ious longitudes. At Bangalore, India at 3* dip Iatitude, the
maximum Dst excursion was too late to have an effect on F-
Iayer height; scintillations were observed. At Lunping, near
the torial ly, the i ion was in the
post-tidnight time period; scintillations were observed, At
Huancayo whete the maximum excursion was in the early af-
t  irreg ies wete inhibited. Bangalore data taken
from Dabas et al (1988), and Lunping data taken from Huang
and Chen(1940).

In Panel 3 in the post midnight time period, the Lunpinf. Taiwan station with the ionos
Eﬁl‘S-Z of 14.9° recorded rcintillatio (l’;
et al, 1981). It was the only time in December that scintillations were recorded. (December in
this longitude region normally shows a low occurrence of irregularities). On this night, irreg-
ularities were recorded bcii;lming at 0330 LST and continuing :
ight generation of irregularities.
To summarize: the Huancayo data shows inhibition,
Dst occurring post-sunset failed to show an effect cn irregularity generation and the Lunping
sciatillation activity occurring in the ost-midnight time period showed irregularity activity

intersection to the satellite

illustration of the post-mi

Prose——

Kp (Panel 1) shows activity started at 03-06
Ug‘ on December 19, 1980 when Kp reached
5. Dst went positive reaching a value of +10
nT at 05 UT and then going to +12 nT at
1200 UT. However Dst ed its maxi-
mum value of -240 nT from 1800-1900 UT.
Thus there is separation of the two indices
Kp and Dst. For this example, the injec-
tion and recovery stages are clearly outlined
with little magnetic or ring current activity
before or after the storm.
The effect on the F-layer irregularities is
shown by noting the Local Standard Time
of maximum ring current energy. Data from
Huancayo, Peru (Panel 5) indicate that
during the magnetically quiet and low Dst
night of December 18-19 scintillations were
resent. On Decemnber 19, the maximum
Bst for this longitude occurred at 1300 LST
and stuﬂed greater than -200 nT until 1700
LST. The excursion, therefore, was enough
to inhibit the development of scintillation
that night, This serves as an illustration
of the inhibition of irregularities when the
maximum Dst occurs in the pre-sunset time
period.
From data published in Dabas et al, 1988,
for Bangalore, India at 3* from the magnetic
equator, scintillations started at the post-
sunset time of 1800 Local Time about the
same time that Dst began to increase. Rin
current maximum was at 2300 LT. There
was no effect of the excursion of Dst since
the high values of Dst occurred after the
start of scintillation activity, This is an il-
lustration of the absence of effects when Dst
maximum is reached after sunset. It should
be noted that the Kp changes occurring in
local morning and before and during the
sunset time period had little effect.

ns (Panel 4) in their logs

when maximum Dst occurs in the mj night to post-midnight time period,

While we attempt to demonstrate one hypothesis for the inhib
rial paths, we do not state that this is the only reason for the
periods of high occurrence. Localized effects produced by neu
changes in the electric field for a particular region produce co

are not generated.

through 0645 LST; This is an

the Bangalore observations with maximum

ition of irregularities on equato-
absence of irregularities during
tral winds or by subtle pattern
nditions under which irregularities

-




2. THE MAGNETIC STORMS OF MARCH 4-9, 1981

The complexities of using ring current and Kp levels to forecast observations are shown in the
data for the period from March 4-9. A great etic storm took place on March 5, 1981 with
Kp reaching 7+ in the time period 1500-1800 UT. Dst reached -215 nT at 1700 UT.

Huancayo Data

Before the storm took place on the nights of March 3-4 and March 4-5 scintillation activ-

ity showed its normal equinox pattern as illustrated in Figure 6. The large excursion of -

215 oT took place at 1200 LST on March 5, decreasing to -173 oT at 1600 LST on March 5.
These pre-sunset levels meant that the effect on the electric field at the equator was to inhibit
the normal rise in height of the F-2 layer. Scintillations were not observed on the Huancayo
MARISAT propagation path on the might of March 5-6.

Deca{) was slow reaching -99 nT at 0700 LST on March 6. Another storm took place on March
7 with Kp maxima at 1000-1600 LST and a further excursion in Dst of -90 nT at 1200 LST

on March 7th. This level produced the same cffect as the earlier inhibition of irregularities; no
scintillations were noted on the night of March 7-8th.

Manila Data

The data from Manila for March 5-6 with a difference in time of 13 hours relative to Huancayo
indicates the effect of increased Dst during the midnight-post midnight time period. The ni% t
of March 4 with relatively quiet conditions showed scintillation activity beginning at 2000 LST
The next night on March 5 with the magnetic storm in progress showed inhibition of post- sun-
set scintillations but very high levels of acintillations in the time period after midnight.

Dst for the storm on March 7th (with an excursion of -98 nT ) peaked at 1700 UT (01 LST
for Manila. However there was no post-midnight increase in scintillation activity. It should be
noted however that the Dst levels for this period were high throughout March 7th and March
8th m%':ifmm a low of -40 nT to many values in the 60s and 80s. Kp values for the 1700
LST to ST for the UT day of March 7 ranged from 4 to 5.

On March 8th scintillations were inhibited with a slow decay and an injection around sunset on
March 8th for the Manila longitude.

Summary:

The Huancayo data sbowed inhibition with pre-sunset maximum excursions in two cases. The
Manila data showed an increase in level in the post-midnight time period on March 5th. With
large excursions through the period, the March 7 excursion in Dst failed to show increased
post-sunset activity. "ﬁxe complexity of behavior during periods of injection and recovery made
this one time period for this location difficult to categorize.

MARCH 4 - 9, 1981
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Figure 6. March 1981 For this magnetic storm, H yo showed inhibition of lanities

on the night of March §-6 with maximum DST excursion at 1500 LST while Manila with
maximum Dst excursion i the post-mudmight time penod showed increased activity,
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DISCUSSION
1. AURORAL ELECTRIC FIELD PENETRATION

The effect during the injection phase of a magnetic storm insofar as the
sub-auroral latitudes are concerned is proposed to be the prompt electric field
penetratior to sub-auroral latitudes due to the motion of the equatorward edge
of the auroral zone electric fields. On September 19-20, 1984 (Figure 4) south
of Millstone Hill, a strong southward component of the F region neutral wind was
observed and convection reversal was noted. This followed the model of Spiro et
al (1988) who found storm enhanced neutral winds at latitudes equatorward of the
shielding layer before the shielding layer was set up (Fejer et al, 1989, Foster
and Aarons, 1988). Thus one expects the increase of irregularities at these
Jatitudes during the initial phases of a magnetic storm with the irregularities
appearing within hours of their appearance at asuroral latitudes. Blanc et al
(1983) after studying several events concluded that large southward values of Bz
and large values of the rate of energy injection into the ring current were

associated with the extension of magnetospheric convection electric fields to
mid-latitudes.

As for the actual generation of conditions for the creation of auroral
irregularities there have been several mechanisus which have been val:dated. For
suroral latitudes, phenomena correlated with irregularities include
precipitation (Basu et al, 1983), shear effects (Basu et al, 1084), convection
of plasma containing irregularities (Weber et al 1985; Basu et al, 1088) as well
ag other factors in instability processes (Hudson and Kelley, 1978). For both
auroral and sub-auroral latitudes recent studies, in progress, indicate that
irregularity intensity increases when high ion convection is obssrved on
incoherent scatter radars.

2. SUB-AURORAL LATITUDES

Vith the storm recovery in those cases when magnetic activity dwindles to low
levels, sub-auroral irregularities can be shown to be relatively high and are
correlated with Dat (Aarons and Rodger, 1988). These data suggest that the
sub-auroral irregularities observed in the recovery phase of magucti: storms are
the result of energy stored in the ring current which is then slowly released.

The mechanism suggested for the generation of SAR arcs which are closely
correlated with the occurrence of sub-auroral irregularities involve ring
current ions. Charge exchange, heat transfer to electrons or Coulomb collisions
from low energy (< 20 kev) heavy ions (oxygen, nitrogen, helium) have been
discussed by Kosyra et al, 1087,

The effects of the ring current are difficult to assess. In part this is due to
the asymmetry of the ring current. In addition, the composition changes from
storm to stora. During both great and lesser magnetic storms, the proton flux
increases. However, protons do not increase as much as 0+ and N+ (Lui et al,
1987) . Thus the interaction of ring current ions with the ionosphere in the
charge exchange process is rather difficult to assess. The asysmetry, the ion
composition, and the energy of the ions make the process of interaction
difficult to evaluate for any particular storm. While the ring current appears
to be the source of much of the sub-auroral F layer irregularities, the Dst
measure may not reflect in detail the development of those parameters of
importance to irregularity generation. The Dst measure in the February 6-9, 1986
storm was well correlated with the inner ring current erergy density from storms
maximum well into recovery but the correlation was not good during the long
developing main phase of this storm (Hamilton et al, 1988).



2-10

3. EQUATORIAL LATITUDES

The predominant flow in the ever present ring current is westward, which is
responsible for the depression in horizontal intensity. Equatorial eastward
electric fields produce an upward vertical drift during the day. Increased
excursion {an increasing westward current in the ring current) decreases the
eastward electric field befors sunset which has produ. ed the rising of the
F-layer.

After midnight, the sudden and large increase of ring current produces an
immediate rise of the F-layer in the midnight to post-midnight time period. The
layer height then falls and irregularities are generated.

Rastogi and Aarons (1980) have observed that a reversal of the vertical drift
to the upward direction during the night is followed by strong VEF
scintillations near the magnetic equator. This had been noted earlier on spread
F data. In & paper with many cases of storms individually analyzed, DasGupta et
al (1686) rsported that post-midnight VHF scintillations are related to the m
aximum negative excursion of the horizontal intensity of the magnetic field
occurring in the 0000-0800 local time interval whereas no such relation is
observed with the pre-midnight excursions.

CONCLUSIONS

For the high latitudes the developing electric field is first observed at
auroral latitudes then descends to lower latitudes and weakens. The
irregularities developed during this period have been observed in

this set of measurements as far south as 30.6 CGL during some great magnetic
storms.

In the recovery part of the storm, the ring current ions decay. The effect
of the ions on the ionosphere is to produce irregularities at plasmapause
latitudes. During the recovery phase, when irregularities at the auroral
latitude vecome weak both in strength and duration, irregularities in the
.sub-auroral latitudes are found to bo of the intensity noted during the
injection phase of the storm. These irregularities while relatively intense
for these latitudes are still much less intense than the injection phase
auroral levels.

In the equatorial region, the maximum level of the ring current, the time just
before recovery sets in, appears to be the most relevant time for the
inhibition or generation of irregularities. If the maximum is reached before
sunset, the ring current has the effect of decreasiug the altitude of the
F-layer which in turn inhibits the generation of irregularities. If the maximum
level of ring current occurs after sunset but before midnight, there is no
inhibition of irregularities. If the maximum Dst level is reached in the
midnight to post-midnight time period, then the F-layer rises, qu.ckly falls
and irregularities are generated.

Data and analyses are at hand to forecast the morphology and dynamics of global
F-layer irregularities. For the intense irregularities at auroral and sub-
auroral latitudes, the forcing parameters are the form, level, and development
of the magnetic storm. For the equatorial latitudes the ring currents peak
excursion has differing effects as a function of local time.

During any year we have thousands of users of the transmissions for the
satellites in the 250 MHz range. The effect of amplitude fluctuations can be
minimized with diversity methods used during magnetic storms; it is up to the
user community to demand attention to this problem.
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DISCUSSION

C. GOUTELARD, FR

Pouvez-vous commenter I'extension des perturbations aurorales vers les
zones tempérées et leur corrélation avec Kp comme cela a été établi dans les
zones subaurorales.

Quelle est votre opinion sur les modeles de perturbations équatoriales au
voisinage du terminateur (cf. Hanuise).

Pouvez-vous suggérer des modeles plus précis ?

AUTHOR’S REPLY

In my new work I have found that the parameter Dst fits the equatorial data
better than Kp. The ring current which lasts longer than the initiating
magnetic activity plays a role in the night electric field even after Kp has
decreased. I believe we are searching for a model of F layer electron density
height and height changes which could be linked to the generation and
inhibiting of equatorial patches and plumes.




Optimum space, time and frequency sampling of the ionosphere
with advanced digital ionosondes
Adolf X. Paui .ud avid B. Sailors
Ocean and Atmospheric &3 >n2es Division
Naval Ocean Systems Center, San Diego, CA 92152-5000

Introduction

. Real time knowledge of the state of the
ionosphere is, a prerequisite for _optimum
usggg of the ionosphere as an HF propagation
medium. All properties of the ionosphere, such
as absorption and refraction change with
location, time and frequency. Consequently it is
desirable to update “the “description of the
ionosphere frequently, at many locations and in
small frequency increments while, at the same
time, keeping interference of the probing sounder
to a minimum. The optimum ‘compromise of
coeuége is dictated by structure scales of the
medium,

Tonosondes were always an important tool for
the ~observation of ~“the ionosphere. The
traditional  analog instruments were o
capable of measuring the travel time_or ylr}ua
height as a function of freguency with limited
accuracy. Sometimes, with special effort,
estimatés of the lonosghqnc absorption at a few
frequencies could be obtained.

nced digital ionosondes are now_capable
of recording additional information, such as the
radio phase’and the amplitude of each echo. If
the echoes are recorded at several receiving
antennas, the change of phase with antenna
location_permits a highly accurate estimate of the
angle of arrival or the "apparent location of the
reflection_point. Repeating the transmission of
%ogiven frequency a short time latef elds the
pler frequency as a function of the ra?_no
uencz;_ (. and “of the hen%lgt, after profile
com uéa on). Thte chai‘rlxé‘e_of € phase over i}
sma uency ste impr accuracy of
the virtual heights, & o oouray

The recording time for an longram including
the type of information mentioned above can bé
as short as 20 seconds. Under computer control
the antenna, frequency switching can take place in
any random sequence. . .

a glven ionosonde location and for a given
measurément  accuracy of the system’ the
precision of

i ionospheric  information
obtainable depends then on the distances
between receiving antennas, the time interval
between repetitions of sounding at the same
frequency, the number of frequencies per
ionogram and the time interval betwéen
consecutive  jonograms. Any = operational
procedure has to take Prec;autlon to avoid
undersampling of nonmonotonic phenomena.

Scale sizes of ionospheric variabili
and struc?\ue Yy

Ionospheric varjations usually take tgelace in

more one dimension. At Sunrise
increase of the intensity of the io radiation
1en time caduggg, tay strong ho_nmntaltogr theen(ti:tii thc;
lectron 1 rpendicular e aylgh
t ry as the eaprfh rotates around its a:nsy‘I%lx‘s
isa example where the temporal variation
is rvag at a_given location and the
tem, scale

the day, then increases rapidly in a linear fashion
for almost four hours during the sunrise period
before levelling off for the noon hours. At the
latitude of Brighton (40 degrees N) the 4 hour
temporal scale”size corresmxds to a horizontal
east-west scale size of 5000 km. .
Also visible in figure 1 is a small sinuspidal
variation between 1000 and 1300 hours with a
?e od of about 2.5 hours. This is most likely due
0 an acoustic gravi wasv& which may grppagate
with a speed of 500 to kr%g,resun 0 a
co,rrcsponding wavelength of 1200 to 2000 km. In
this case thé direction of propagation is not
known since the jonosonde can only determine
the orientation of the wave front, which may or
may not coincide with the propagation direction.,
ost of the acoustic gravity waves observed in
the midlatitude ionosphere have much shorter
perjods. A more typical behavior is demonstrated
n figure 2 which shows strong variations of the
height of the F-region maximum, hmF2, with
periods of approximately 20 minutes. With similar
propagation’ velocities as mentioned above the
u&vzzsa hs are now in the range between 170
an .
. A different type of short term variation is visible
in figure 3, Beginning at 0300 hours we see a fast
increase of the height of the F-layer maximum by
approximately 100’km over a period of one hour
and then a rapid decrease by 200 km over a 2
hour period, "Between 0300 and 0500 hours
(beforé sunrise), when the height of maximum
goes through half a c¥le of its variation, there is
very little change of the maximum electron
density. The continuation of the decrease,
however, is then coupled with the sunrise increase
of the electron density in the F-region. This up
and down moyement of the F-lai'er with a vertical
scale size of approximately 100 km age ars
frquentg, but not always, immediately before
sunrise. Based on the tinie of the appedrence of
this effect one could translate its duration, using
again the rotational velocity of the earth, into a
horizontal  east-west spatial scale and a
correspondin, ient. Angle of arrival
e e S ron Sl
show assumption is wrong. Zeni I
of s%grm and ptmorﬁn are gobserved \%nh
a nt  ref n points south of the
rvation site between 0300 and 0430 hours.
is indicates the presence of a strong north-
south gradient and a rather complex structure for
th%&henomenon. f fi 4 gives an example of
upper of figure 4 gives an .
the ﬁ%eonparft the g3‘111':;paregnt reflection l:ggmt
observed at a fixed frec*uency. of 9.1108 MHz in
the extraordinary mode Tor a time interval of 19.6
seconds. The trace begins at the coordinates
(4.0,-10.0), moves then toward south eastreturns
almost on the same track,chan on
toward south-west, completes a ﬁwmqv,es
toward, west and fi toward south. initial
stage, i.e. the back and forth movement of the
apparent reflection _point, represents an
oscillation with a period of about 7 seconds.
Contrary to the previous examgl& given above
e ot ol poion & .+ cngs o
apparent re n positicn is 0
the orientation of thepggﬂection area, ggg‘the
EBcting the phaos paths of he cehocs 1 the Jous
¢ aths o 0es to ur
receivers ix? slig%tly different ways. This

j=2
1=
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explanation is supported by the appearence of
weak spread-F on the ionogram shown in the
bottom  part of figure 4, which was taken
immediately after the fixed frequency recording.
If this interpretation is correct, the motion of the
apparent reflection point will depend (among
other factiors) on the horizontal scale of the
irregularities relative to the distances between the
receiving antennas. Va?mg those distances in
-uturgh experiments could provide a test on this
hy esis.
ontrary to lorizontal scale sizes which are
derived with some known or assumed velocities
from the temporal change of an ionospheric
uantity, vertical scale sizes can be observed
irectly with a %mg}le ionosonde. The best known

H

parameter is the half-thickness of the electron
der.su{ profile of a layer which is related to the
scale height of the néutral atmospheric density.
An example for the daytime behavior of the F-
layer half-thickness is given in figure 5. As
sxpected, the quantity shows variafions within
limits of 10 to 15 % which are clearly due to the
sver _present acoustic = gravity waves. e
mz;gmtud_e of such variations mainly ref the
deformation of the layer in the vicinity of its
maximum_and should not be interpreted as a
measure for contraction and expansion, since in
most cases much smaller relative changes of the
maximum electron density are observed. .

A different vertical scale size can be defined
based on the height ch_endanoe often found in
Doppler data as in figure 6. The Doppler
frequency as a_function of the radio frequency
near the maxdmum of the F-layer for the
extraordinary mode was derived from the change
of the radio phase with time for three consecutive
ionograms recorded in 3 minute intervals. At 1506
hours the Do Pl“ frequency is negative and
nearly constant for the frequencies shown except
for the very highest frequencies near penetration.
In the next ionogram the Doppler frequencg
varies rapidly from ap roxxmatc&-l.o Hz to +0.
Hz. Again 3 minutes later the Pgler frequency
reaches a positive value of about 1.1 Hz and is
;l;ractlcally constant over the entire range shown.
The frequency range for which data are presented
in ﬁiunrle 6 corresponds to a height range of about
2 according to the B‘roﬁle parameters
computed, This means that in the F-region the
Doplpler frequency can change from -1.0 Hz to
+1.1 Hz over a héight range of about 32 km at a
given time or, during a timé interval of 6 minutes,
at a given height.

Effects of structure and variability on HF
operations

The jonosphere tprovides a natural mechanism
for radio waves to propagate over the entire
earth, There is virtually rio lower fr uel}g limit
and extreme low frequencies (ELF, [z - 30
kHz) are actuall in spectal communication
systems.  Most  of e long distance
communication, however, takes place at higher
gequencwslimugt the HF/VHI b;"an e.Its upper

ue it is determ € maximum
e!gogtrprr‘xc’('lensigy in the reflecting area and the ray
direction relative to the direction of the electron
density gradient (angle of incidence), The
maximum electron density at a given location is a
function_of the time of day, Season and solar
act.mz. There also is a strong dependence on the
lati modified b{ the local direction of the
earth’s magnetic field. The angle of incidence is
mainly a n of the distance between the

&r communication  pro the

%?nogghere lim'ii thetr;fore m;ﬁnab% Its u.pﬁ
can be as as 50 MHz

sunlit past of the earth, but olten 35 much lowee

e v e g A

€.g. at high latitudes and m the mghtside of the
earth, On the other hand the enhanced ionization

resent at lower heights of the jonosphere in the

ay side causes a reduction of the signal sqené‘ht
due to absorption for the lower frequencies in this
band. This means that no continuous operation in
the HF/VHF band intended for long distance
Eropagatlon can use one frequency all the time.

or example, shortwave broadcast station use a
wide spread set of frequencies depending on the
prg{)a ation conditions.

um and small scale structures and short
term t,emlporal variations, superimposed on the
larger scales generated by the differénces between
day and night and the latitude dependence of the
eléctron density, affect the propagation conditions
in a variety of ways. If the propagation distance is
of the order of ‘the horzontal scale or longer,
multipath propagation is possible. This means
that ‘two or more ray paths exist between
transmitter and receiver. Differences of travel
times and phase delays between the different
paths then lead to signal distortion. In this
situation, but also if the distance is short
compared to the horizontal scale,the path usually
becomes asymmetric =nd  deviates  from
propagation in a vertical plane if the reflection
area is tilted. This car' lead to large errors in HF-
direction finding, :n asymmetric path or,
equivalently, a tilt of the reflecting area, also
means a Tteduction of the maximum usable
frequency over the given distance and a given
gl:_glcgug{;on height h relative  to s meg‘lc
ion, since the asymmetry reduces the
eﬁ’egtl%e angle of incidence. Whgny the F-layer is
strongly distorted, ie, when the orientation of
electron density gradient changcs significantly
over the height interval gass by a ray, the
propagation distance (in broadcasting) and the
maximum usable frequency (point to point
communication) can change largely either way
compared with symmetric conditions.

Doppler shifts” caused by temporal changes of
the ionosphere can interfer with over the horizon
radar observations, especially if they change
rapidly with helg’l\xf dlstaqcei, as in figure %
Generally, under highly variable conditions as in

figure 5, signals of any wide band HF-systems will
be strongly distorted. Since nv(e;‘y often the
temporal changes are quasi periodic, errors in
HF-direction finding ¢an bf reduced by averaging
over time, if the duration of the period in question
can be estimated. Similarly, rvations of quasi
P_enodnc variations at on¢ location could predict
tilts ( for error correction) at some other location,
if the qlrgnon of the wave propagation can be
determined.

Sampling of ionospheric parameters

Fi 7 shows an amplitude spectrum of the
height variations given in figure 2, compuyted with
(rhAnharmomc Frequency Analysis, Paul,
1972). The data were collectéd oyg&a’?hqur
period in 3 minute intervals, Besides the high
amPhtude at the lowest end of the frequency
scale, reflecting the diurnal variation of the
height, there "is a definite peak at 0.05
cycles/minute correspo to a period of 20
mfml:ﬁg. The periods at the am&htude points

condi SeCo peaks toéz,so“%
at 0. I

and also at 0.075 inute ma
et Toe ot of toe oty

stays low for frequencies 0.1

R —



cycles perminute. | ) .
This example, which is typical for all high
temporal resolution sequence$ available, dem
a minimum sampling rate of at least 12 ion
r hour,corresponding to 5 minute time intervals
tween recordings, assummgethat no significant
spectral contribution are to be found at periods
shorter than 10 minutes. Slower sampling rates
cause aliasing and misinterpretation of the
periodicities and other properties of acoustic

avity waves. .

Sampling in the frequency domain is always
coupled with sampl;n% in the height domain. For
a given frequency inferval the resulting height
interval can be small e.g. in the lower portion of
the F-layer, or relatively large near the maximum
of the layer. If the 1onosghere were to be sampled
in equa helg_ht steps, the reflection height as a
function of frequency would have to be known
first. Besides during times of very rapid changes,
this could be  accomplished. approximately
assuming continuity of the true henﬁ1 t profile in
time and extrapolating from the °previous
jonogram. Since modern ionosondes are
computer controlled and have a very high
frequency resolution, such procedures could
programed into the system, where minimum
intetference  and/or ~_maximum  temporal
resolution are essential. The resulting frequency
pattern would be nonuniform and would change
continuously with time. If the operation of an
ionosonde would be o;l)(trlnmlzed in such a way a
height resolution of 10’km would require only 20
-30"well chosen frequencies and an 1on<c)1gram
containing the basic  information could be
recorded in a few seconds.
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33

On the other hand a signal with a given radio
ﬁ'eguenc*_glisay_ be reflected from several different
heights. 'is definitely true for the ordinary
and extraor components. Several reflections
from different Jocations in the ionosphere can

| rved when the electron density has a
relatively short scale horizontal structuré. This
situation is vsually cause very strong gravity
waves called travelling ionospheric disturbances
recognizable by oom%lex multiple echo traces.
True height computations are not -ery reliable
under such circumstances, since large deviations
from vertical propagation occur, For detailed
studies of these phenomena sampéleng rates higher
than 12 ionograms per hour are needed.

In, order to obtain reliable estimates of
horizontal scale sizes, the installation of additional
receiving sites is necessary. Distances should be of
the order of a fraction’ of a typical horizontal
wavelength. A triangle with an ionosonde and two
additional receivers with a base of about 50 -100
km_ should be short enough to ayvoid spatial
undersampling and at the same time long enough
to give sufficient accuracy for the determination
of ‘magnitude and direction of the propagation
velocity of acoustic gravity waves,
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DISCUSSION

R. JENKINS, CA

In the first part of figure 4, the apparent reflection point position is plotted as
a function of time. With regard to the array used to take these measurements,
what was the array aperture, and, if there were more than 2 antennas in each
direction, were the phase changes measured across the array consistent with
plane waves ?

AUTHOR’S REPLY

The phase values measured at the four receiving antennas are tested for
consistency with the plane wave assumption. If the test fails, the data are
usually rejected for angle of arrival computations. Exceptions are cases of
overlapping ordinary and extraordinary components, if their separation is
desirable (Paul, 1983).

C. GOUTELARD, FR

Si vous utilisez des antennes distantes de 100 m, vous avez une bonne mesure
aux fréquences basses (1/2MHz) mais aux fréquences élevées, vous avez une
ambiguité dans la mesure des angles d’arrivée A cause du fait que votre
spectre devient lacunaire. Comment levez-vous 'ambiguité ?

AUTHOR’S REPLY

If echoes are reflected from strongly tilted areas, e.g. sporadic-E, the angle of
arrival computation may be ambiguous, if the radio wavelength is much
shorter than the distance between receiving antennas. In such cases, a unique
determination of the angle of arrival is still possible if continuity of the phase
observations with frequency can be assumed and observations start at low
enough frequencies (Paul, 1990).

Paul, Adolf K, Numerical separation of overlapping ordinary and
extraordinary echoes in digital ionograms, Radio Sci. 18, 416-420, 1983.

Paul, Adolf K., On the variability of sporadic-E, Radio Sci. 25, 49-60, 1990
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THE UTILITY OF HIGH FREQUENCY GROUND WAVE
IN A DISTRIBUTED COMMUNICATION SYSTEM

b,

James R.
The Johns Hopkins University Applied Physics Laboratory
Laurel, Maryland 20723
USA

SUMMARY

Tre Johns Hopkins University Applied
Physics Laboratory (JHU/APL) has investigated
high frequency ground wave (HFGW) communication
in mountainous terrain, Using a broadband,
discone antenna and 100 watts of power, com-
munication 1inks in the 20 to 30 MHz band of at
least 50 and, fn some cases, as much as 115 km
have been established over mountainous paths.
Links were non-11ne-of-sight, and immune to
ionospheric fading, 0igttal and wide-band
frequency hopping communications have been
demonstrated using HFGW, The discone antenna is
about 3.5 m high when assembled and can be made
extremely portable. The special characteristics
of the 20 to 30 MHz band coupled with the
properties of the discone antenna would offer
advantages to distributed communication systems
in mountatnous terrain, This paper presents
HFGW results and discusses how this medium may be
exploited in a distributed system which uses
both frequency and spatial distribution,

PREFACE

Under the sponsorship of the Defense
Nuclear Agency, The Johns Hopkins University
Applied Physics Laboratory (JHU/APL) has beén
investigating high frequency ground wave (HFGW)
as & nuclear survivable means of communication
for Tand-mobile missile systems in Europe.
Using a frequency band of 20 to 30 MHz, and a
portable, broadband, discone antenna, HFGW
propagation characteristics have been demon-
strated which could be exploited 1n distributed
communication systems (Reference 1). Test
results show that by means of portable, wide
band discone antennas the upper part of the HF
band could be used alone or as an extension of
the very high frequency (VHF) band to achieve
non~1ine-of-sight, non-fading, spread spectrum
comeunication, As discussed below, both spatial
angd frequency distribution strategies could be
used.

DISCUSSION

1. ADVANTAGES OF THE 20 T0 30 Mz BAND

In order to maximize the range, it is
desirable to use a resonant antenna for both
transmission and reception. On the other hand,
optimum portability is wanted, With these
constraints in mind, 20 MHz was chosen as the
Tower 1imit of the frequency band to be tested.
A rasonant antewna could then be constructed
whi.h had a hefght of less than 4 meters. The
upper frequency was taken to be 30 MHz because
this is the 1imit of most military HF trans-
celvers and because 1t was anticipated that the
ability of the signal to provide non-1ine-of-
sight coverage by diffraction in mountainous
terrain would significantly diminish above 30
Mz,

The 20 to 30 Miz band offers additional
advantages. As will be shown, ranges of
interest are achievable in mountainous terrain
with reasonable transmission power levels.
Beyond the ground wave range, however, there is
a zone extending for hundreds of miles where no
signal, ground wave or sky wave, is present,
Accordingly, there is a large region surrounding

y
Champion

the area of communication coverage where it is
not possible to intercept or DF. Beginning at
about 500 miles, it is possible to intercept a
skipped signal a few percent of the time.
Although the skip probability increases somewhat
beyond this point, the large skip angle
challenges DF accuracy.

A further advantage of the 20 to 30 MHz
band is the relatively low noise level. Within
the HFGW range, competitive noise sources are
not 1ikely to be transmitted from a resonant
antenna, and consequently, their effect is
Timited. Interfering distant stations are
1imited by the skip characteristics discussed
above. At night this band is particularly quiet
as local noise sources are quiet and the
probability of distant signals skipping in is
almost nil. A study by Laycock et al of percent
congestion values vs frequency range 11llustrates
the point (Reference 2), Based on data taken at
a rural site in central England, their data show
zero percent congestion for most frequency
intervals in the 20 to 30 MHz band. By
contrast, the lower regfon of the HF band is
almost 100 percent occupied, particulariy at
night,

2. PROPERTIES OF THE DISCONE ANTENNA

Military users of HFGW require the
capability of changing frequencies quickly to
avold jJamming and reduce the probability of
interception. Further, portability and speed of
erection and disassembly are highly important.
The discone antenna was found to have the
desired characteristics. The discone antenna is
comprised of & disc and a cone. It is a wide
band antenna with a nominal 50 ohm impedance
which produces vertically polarized radiation
(References 3 and 4). For HF and very high
frequency (VHF) applications the disc and cone
are usually not solid, but are comprised of
spokes, The height of the antenna 1s set by the
length of the cone spokes, which are chosen to
be equal to one quarter the wavelength of the
lowest desired frequency (cut-off frequency) and
the cone angle, which s typically 30 degrees.
(For best performance the cone spokes are chosen
so that the cut-off frequency is taken to be
about 1 MHz lower than the lowest frequency to
be used.) Figure 1. shows the dimensions of the
discone antenna used in the work described here.
Eight spokes were used on the disc and cone for
the first discone built at APL. Subsequently a
discone was tested which only used six spokes on
the disc and six for the cone. No difference in
performance was measured between the two
configurations.

Beginning just above the cut-off frequency
the discone antenna has a good voltage standing
wave ratio (VSWR) for many decades. Figure 2
shows VSWR vs frequency measured for a discone
antenna having a cut-off frequency of 19 MHz.
As a consequence, a 50 ohm HF transceiver will
transmit and receive efficiently on this antenna
throughout the 20 to 30 MHz band without the
need for an antenna matching unit. Further, the
discone lends itself to using spread spectrume or
frequency hopping techniques throughout this 10
Miz band.
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Relations for selecting discone parameters

Cutof | Cmax | Cmn
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19 3.78 a72 2,85 0516 3.78

Dimensions for discone antenna with cut-off frequency of 19 MHz

Fig. 1 Basic structure of a discone antenna.
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Fig.2 VSWR vs frequency for a discone antenna with a
cut-off frequency of 19 MHz,

The discone anteana can be made extremely
portable, Erected, the discone stands about 4
meters high, Experience has shown that this
size 1s reasonable for use in wooded, tactical
positfons. The antenna can be fabricated so
that when disassembled it makes up a package
weighing less than three kilograms which can be
carried by backpack. Assembly and disassembly
each take about 10 minutes.

3. MEASUREMENTS OF HFGW PROPAGATION

Using discone antennas and frequencies in
the 20 to 30 MHz band, HF ground wave propa-
gation has been studied in a number of different

Elevation (m)

environments ranging from the mountains of West
Germany to the Mojave desert in the United
States, The resuits are described in the
following:

Range Measurements Made in the Mountains
of West Germany

Using a discone as the base station
antenna, single sideband (SSB) voice and con- ki ;
tinuous wave (CW) test signals were transmitted
at 22.733 and 26.725 MHz. The output power was
selected to be 100 watts., Both military and d
civilian radio equipment was used to transmit, ;
with identical results. The military trans- .
cefver was the AN/GRC 193A. The civilian
transceiver was a Yaesu model 757GX. A second '
discone was moved to positions of increasing
distance from the base station. At each test
site voice contact was established and a CW
signal transmitted. Measurements were made of
signal-plus-noise and noise using another Yaesu
7576X transcefver which had been calibrated by \
means of injecting known power levels and .
measuring the audio power out, Table 1. shows
the signal-to-noise ratio (SNR) and the received
power levels measured over four mountainous
paths. Note that only path 1 represents a
maximum range, Even though signal levels
indicated that greater range was possible along
the other paths, the test ‘.aw could not proceed
farther for administrative reasons.
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A1l paths listed in Table 1 were
mountainous and non-1ine-¢f-sight., To illus-
trate, Figures 3 and 4 show ihe terrain profiles
for paths 1 and 4, respectively. Elevation in
meters is plotted against range in kilometers.
The transmitter was located at the zero kilo-
meter point and the signal meas:rement was made
at the end of the path, It should be noted
that, in addition to the measurements made at
the end of the path, measurements were made at
intermediate points, including positions in
valleys, and the SNR for some of these measure-
ments are shown in the figures.

HFGW Propagation across South Sandia Peak

A test was performed to determine whether
HFGW communication could be conducted across
South Sandia Peak near Albuquerque, New Mexico.
The results were of interest not only because of
the severe terrain but also because, in contrast
to West Germany, the ground was extremely dry
since the rainfall in the Albuguerque area is
less than 10 inches per year. Theoretically,
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Table 1. Summary of HFGW Range Survey (A1l measurements made at
26,725 MHz using a transmission power of 100 watts.)

Recetved
Path Tx Elevation Rx Elevation Range SNR Signal Power
{m) (m (kmy  (dB) {dBm)
1 572 498 64 8 -114
2 572 97 89 16 -102
3 450 525 52 28 -92
4 561 350 115 16 -102

Note: The ranges for path 1 represents a maximum value, The signal
received on other paths indicated greater ranges could be achieved,
but administrative reasons prevented further investigation.

ground wave propagation is sensitive to the

750 SNR= 1608 moisture content of the ground. As can “e seen
700 in the terrain profile of Figure 5, the peak
rises over a kilometer from the base station,
which was Tocated on Kirtland Air Force Base.
From that site the top of South Sandia Peak
subtends an angle of almost $ix degrees. Using
two discone antennas, 100 watts output power and
frequencies in the 20 to 30 MHz band, a 29 km
$SB voice Tink was established at will over a
period of several days. Stgna) level
measurements were made over & period of several
SNR«2448 hours spannin? sunset and are presented in the

- ROVR Section 4, which discusses sfynal stability.

HFGW Propagation in the Mojave Desert

1 1
70 80 90 100 110 4 In a further test of nFGblipcrfor:ance ina
esert environment, a propagation path was
Distance (k) En“:tig:ted }n the Mojave deﬁrt; near 8;;5;:«1.
3 X alifornia. The terrain profile for the
Fig.4  Terrain profie for path 4 test path is shown in Figure 5. This region
gets less than thres inches of rain yearly.
Using two discone antennas and 10 watts of
output power from a AN/PRC 104, good SSB voice
P ! ' comunication was established on all but one of
Elevation five channels distributed throughout the 20 to
Je2m 30 MHz band, SNR levels viere maasured using CW
signals and the results are tabulated in Table
2500 k- - 2. As can be seen, the 26,720 MHz frequency was
£ quite noisy and this was caused by an inter-
e fering signal which was present due to a
§ transient skip condition,

S.—

3000 4

4. SIGNAL STABILITY OF HFGW

ACVR While the sky wave signal level varies
1850 | i 1 1 widely with time as the lonosphere changes, the
[ 10 15 20 - 30 ground wave signal leve) is expected to be more

Distance (km) staMei th:raby 1rtacreas122 1::'ut;lit,¥ff:;

communication systems. cordingly, 1]
Fig.5 Terrain profile across south Sandia peak. received power level remains stegd,v during the
time the fonosphere changes, this supports the

claim that the signal is truly ground wave.

Three twenty-four hour tests were performed
14 T T T in the mountains of Germany during which signal
levels were measured over a period of twenty-

13k - four hours, The dates and paths are listed in
RCVR Table 3. (W signals were transmitted at 100
val- ] watts using a discone antenna. Another discone

- at the end of the path was used to receive the
g signals and measurements were made using a

§ 11k calibrated Yaesu 7576GX transceiver. Signals

S : were transmitted and received levels measured on

- a regular basts. Figure 7 shows the results
‘°r'/ for 26,725 Mz taken along path 3 (Test 3) in
February 1985. Measurements were made every
°9U ~ fifteen minutes, The signal levels stayed
constant within plus or minus 2 dBm, which was
08 1 1 i near the resolution of the method used to make
0 10 20 30 the measurement, These results are representa-
Distance (km) tive of the data obtained during all three

Fig.6 Terrain profile for HFGW link In Mojave Desert. tests. MNo evidence of sky wave fading was seen,
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Table 2. HFSW Signal Levels Measured over 33 km path
in the Mojave Desert (Discone to Discone
Antenna Configuration)

Frequency Signal-Plus-Noise  Noise SNR

(MH2) (dBm) (dBm) (db)
20,400 -11§ -137 22
23,450 -110 -138 28
25,350 -111 ~134 23
26,720 -113 -119 6
29,725 -116 ~134 18

Table 3. Results of HFGW Signal Stability Measurements
Parfcrmed during 24-Hour Periods over
Non-1ine of Sight Paths

Received
Test Range Frequency Signal Power
(km) (MHz) (dBm)
1 49 22,733 -105+2
26,725 -102+2
2 49 22,733 -98+2
26,728 -96+2
3 52 27,733 ~98+2
26,725 -92+2

In July 1989, during the test of propa-
gation over South Sandfa Peax, it was desired to
demonstrate that the signal was indeed ground
wave with no significant sky wave component. As
a result, a test was performed in which the
signal levels of four frequencies were measured
as & function of time through the period of
sunset. The results are shown in Figure 8. As
can he seen, signal levols were constant within
plus or minus 1 dBm and there is no evidence
that any change occurred as & consequence of
sunset, which took place at 2024 hours.

5. DEMONSTRATION OF DIGITAL CAPABILITY

Several tests have been conducted which
demonstrated digital comsunication over HFGW
tinks. One test used terminal node controllers
tied to HF transceivers and personal computers
to transmit frequency-shift-keyed packets over
mountainous terrain in West Germany. The signal
was comprised of two tones, one at 2.069 kHz and
another at 1.4G0 kHz (600 Hz shift). The

.1@—0—0—\ 27.85MHz -
-0 - Sttt 4
-1 Pq =+109.741dBm

-1081 27.6 MHz

1 ——t . . o -
110f Pg =-109 1dBm

§ A2k 269 MHz 7
A13f .
414 Pq =-11341dBm -

i .

109} 20.4 MHz -
"10‘/——\_f_.——‘4_‘—. o
Anf Pg =-110+1dBm -

1800

1900

1700 20007 2100 2200 2300
Hour
Start 1645 Sunset at 2024
Fig.8 Power received ve time ot day for 29 km HFGW
link across Sandia peak.

carrier frequency was 26,850 MHz transmitted at
100 watts. The test packet message was 1800
characters in tength, divided into 80 character
packets,

After each packet a handshake in the form of a
checksum was required from the receiving station
before the message continued. If an incorrect
checksum was received, the packet was auto-
metically retransmitted, As a result, only
complete, perfect messages could be passed. The
data rate was 300 bites par second, i.e. 300
baud. Signal-plus-noise to noise ratfos (SNR's)
were also measured over every path, To
accomplish this a (W signa) was transmitted
using 100 watts at the test frequency. Further,
$SB voice contact was also attempted for each
path. The ranges of each path, the SNR's, and
whether or not packet and voice nssages were
successfully passed are indicated in Table 4.
Comunication over path 3 was unsuccessful
because of a high noise background. Only
partial success was achieved over paths 8 and 11
for the same reason. If alternative frequencies
had been available it 15 possible that com-
aunication would have been achieved over all or
most of these three paths, The tests over paths
13 and 14 were affected by a thunderstorm.
Because of the length of the message, the length
of the packets and the frequency of lightning
strikes, 1t was impossible to pass a perfect
message in a reasonable amount of time. This
night have been avoided by dividing the message
into shorter packets or eliminating the hand-
shake requirement. Virtually all paths were
non-iine-of-sight, Because the test schedule
was coordinated with a military exercise, some
paths were investigated during the day and
?the;':_ at night, as the opportunity presented
tself,

Testing has also been conducted using
mobile military radio teletype (RTT) equipment
which uses a data rate of 50 baud and an output
power of 200 watts. The RTT equipment produced
a coded signa) consisting of a 2 kHz audio tone
which is shifted plus-or-minus 425 Hz, The two
resulting audio tones are processed and trans-
mitted the same as SSB signals. Accordingly,
the outgoing RF signal is comprisec of two
signals, one at 2.425 kHz above the carrier
frequency and one 1.575 kHz below. Using
discone antennas and frequencies throughout the
20 to 30 MHz band, RTT units provided com-
munications between battalion headquarters and
six batteries both day and night aver a four day
period. The exercise tock place in mountainous
terrain with propagation distances ranging from
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Table 4. Summary of HFGW Packet Radio Results

Path Range  SNR Packet Voice

(km) (db) Successful? Communications?

1 60 20 Yes Yes
2 51 24 Yes Yes
3 98 ND No No
4 40 13 Yes Yes
5 67 17 Yes Yes
6 22 3 Yes Yes
7 89 8 Yes Yes
8 69 ND No Marginal
9 48 NO Yes Yes
10 100 24 Yes Yes
11 117 8 No Yes
12 62 ND Yes Yes
13 69 11 Partial Yes
14 94 8 Partial Yes
15 38 16 Yes Yes
16 59 8 Yes Yes
17 59 17 Yes Yes

ND = No SNR data avatlable

as little as 14 to as much as 50 km, Messages
were passed at will without difficulty aud no
problems attributed to HFGW were experienced.

8. WIDE BAND FREQUENCY HOPPING

Both the wide band nature of the discone
and the propagation characteristics of ground
wave in the 20 to 30 MHz band suggest that
frequency hopping or other freguency distri-
bution techniques could be explofted to achieve
the lowest probability of interception and to
mninimize the possibility of jamming.

Figurs 2, showing the VSWR of the discone
versus frequency, demonstrates the ability of
the discone to transmit and receive efficiently
throughout the 20 to 30 MHz band. Accordingly,
it should be possible, for example, to frequency
hop over many Miz without sacrificing output
signal strength and without requiring a matching
circuit to protect the transmitter from
reflected power,

Data obtained during range testing in a
variety of environments have shown that the
ground wave signal leve) does not change
significantly throughout the 20 to 30 M.z band
over a mountainous propagation path, Presumably
this can be attributed to the properties of
diffraction. The pertinent characteristic is
{Nustrated in Figure 8. fHers we see that, at
the remote station across Sandia Peak, the
signal level received near 20 MHz was equal to
that received near 28 Miz, within 1 dbm,

HFGW wave wide band frequency hopping was
tested in the United States over a 16 km propa-
gation path through a densely populated section
of New Jersey. Two discones were used, along
with two frequency hopping transceivers provided
by the U.S. Army Communication Electronics
Command (CECOM). The output power was 20 watts.
The frequency hopping transceivers were program
med with six sets of frequencies. These are
shown in Table 5. Both the normal hopping rate
and the faster, enhanced rate were tested for
SSB voice qualtty.

Good voice communication was established on
all hopping sets using the discone antennas.
The transceivers had an option by means of which
one can choose to have a matching circuit

45

Table 5. Hop Sets for Discone to Discone
Frequency Hopping

Set Frequency Range Number of
(MH2) Frequencies
1 20,0 - 23,9999 >100
2 24.0 - 29.9999 >100
3 20,0 - 23,9999 2
4 24.0 - 29,9999 2
5 20.5 - 23.5000 4
6 24,0 - 29,9999 6

betwaen the transmitting circuit and an external
antenna or, alternatively, connect the trans-
mitter directly to the antenna. This latter
function 1s to be used with a 50 ohm antenna.

No difference was detected in the quality of the
wide band frequency hopped voice signals, when
the matching circuit was in series with the
discone and when 1t was removed.

By contrast, a whip antenna used for the
test was not able to provide an intelligible
voice signal in the hopping mode for any of the
sets Tisted in Table 5. Voice contact estab-
11shed using the whip antenna on a single
frequency would immediately be lost when
frequency hopping was begun, even though the
matching circuit was used. This demonstrates
the need for a wide band antenna when hopping
sets which cover a band of several MHz are used
for HFGW communications.

CONCLUSION

Empirical evidence shows that HFGW in the
20 to 30 MHz band could be used to provide
nuclear survivable, non-line-of-sight com-
munication Tinks hnving ranges of at least 50 km
and as much as 115 km in mountainous terrain.
This could be accomplished with portable,
broadband discons antennas and using trans-
mission power levels which are already
avatlable. It 1s possible that signal
processing techniques could extend the range.
If spatially distributed systems are employed to
relay messages, communication coverage could be
provided over large regions with few, 1f any,
inaccessible points, even in mountainous
terrain. Wide band frequency hopping could be
exploited to minimize the probabiiity of
interception and provide antijamming capability
without reducing the communication coverage.
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DISCUSSION

Paul S. CANNON

By moving from low frequency (< 6MHz) groundwave to high frequency
(20MHz,f < 30MHz) groundwave you mitigate convertional skywave paths
via ionospheric layers. By using high frequencies, with relatively little co-
channel interference, there is a possibility that propagation via meteor trails
can occur giving connectivity over a few hundred kilometers. Did you make
any long distance measurements and did you receive any meteor burst
signal ?

AUTHOR’S REPLY

We did perform measurements to determine the interceptibility of 20 to
30MHz signals at points 500 and 1200 miles distant from the transmitting
discone antenna. However, the data do not allow one to distinguish between
signals received after skywave hop and signals which might have propagated
by reflection from meteor trails.
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RESVILTS OF MEASUREMENTS PERFORMED ON HF BACKSCATTER
FOR EVALUATING THE INFLUENCE ON SHORT RANGE HF DATA LINKS

PJ. van Vliet and P.A. van der Vis
‘TNO Physics and Electronics Laboratory
P.O. Box 96864
2509 IG The Hague
The Netherlands

SUMMARY

On short range HF links, where the receiving station is
relatively close to the transmitting station, reception of long
delayed echoes (up to 20 ms) may occur due to backscatter,
These backscatter signals will inteefere with signals received
through the 'legitimate’ path, which is either groundwave or
nearly vertically incident skywave. Even on low data rate links
this time dispersion of signals may causs intersymbol
interference, In order to assess the influence of HF backscatter
on short range HF data links, measurements were performed,
Path delays were measured using a direct-sequence spread-
spectrum technique. A carrier, BPSK modulsted with a pseudo-
noise (PN) sequence, was transmitted and the received signal
was correlated with the same PN sequence. Between June 1989
and June 1990, measurements were taken over a 66 km path in
The Netherlands and, simultaneously, over a 958 km path
between The Netherlands and Norway, Different frequencies in
the HF band were used. The measurement results show that
especially on the short range link, long delayed echoes appear.
The backscatter effect depends on propagation conditions, thus
on frequency, time of day, season and solar activity.

1. INTRODUCTION

A major problem experienced in high frequency (HF) data
communications is that ionospheric propagation at HF suffers
from dispersion in time. Components of & transmitted signal
arrive at areceiving station slong different propegation paths.
Mixing of these components leads 1o multipath interference.
The presence of multipath causcs fading, frequency dependent
channel charackeristics and intersymbo! interference.

After having observed many unsuccessful data
transmissions during modem trials on short range links (< 100
km) in 1981, some limited measuroments showed that long
delayed echoes (up to 20 ms) of remarkable strength were often
interfering with signals received through the ‘legitimate’ path,
which was either groundwave or nearly vertically incident
skywave (NVIS). Even with relative strong received signals, the
quality of the data was often bad, due 10 intersymbol
interference caused by the long delayed echoes. It was then
postulated that most of these echoes were due 1o ‘ground
backscatter’ and that the high probability of occurrence and the
remarkable strength of these signals were related to the
following two conditions:

1) The short range of the link; because of this alinost all
distant parts of the earth’s surface that are - via skywave -
illuminated by the transmilting station are ‘seen’ by the
receiving one.

2) The uss of omni-directional antennas; when it is not

possible to use directional antennas, scattering from all
directions will contiibute to this sort of interference.

- P

In order 1o sssess the influence of backscatter on short

range HF data links, measurements were performed, which
were supported by the Royal Netherlands Army (RNLA). In
this paper a brief description of the HF backscatter
phenomenon, & description of the measurement set-up and some
results of the measurements are given.

2. HF BACKSCATTER

Radio waves propagsted via one or more ionospheric

reflections do not always travel from transmitting to recciving
station along the great-circle path. A radio wave propagated via
the ionosphere is partially scattered by the irregularities of the
ground or ses, and even 1o some extent by those of the
ionosphere itself {1]. When scattered signals propagate back to
the vicinity of the transmitting station along or near the
direction of incidence this is called backscatter, Propagation of
scattered signals in other directions is called side-scatter.

HF backscatter was first observed in 1926, In the late

1920's and the 1930's the scattering of signals into the skip zone
was encountered frequently [2}. Early researchers supposed that
all scattering took place in the ionosphere (3], but in the late
1940's and sarly 1950's it was concluded that the most common
source of backscatter is scattering by irregularities on the
surface of the earth [4, 5].

Sources of backscatter can be ground backscattes, caused

by irregularities on the surface of the earth such as mountains
and ocean waves, or direct backscatter, caused by irregularitics
in the ionosphere such as F-region irregularities and auroral
zone jonospheric features. Backscatter can also be caused by
aircraft or meteors. On short range HF links, where the
receiving station is relatively close to the transmilting one,
backscattered echoes may be received from different directions
and with time delays in excess of those from signals
propagating along the great-circle path between both stations
The strength of these signals depends on propagation condit! nis
‘and propertics of the scatering region. The spectral
characteristics of the backscattered signals depend upon the

ion path through the ionosphere and on whether the

propagation .
signal is scatiered by land, sea or the ionosphere itself. In

general, propagstion via the i

will introduce &

frequency offset (Doppler shift) and a frequency spread.

Applications in which use is made of HF backscatter

signals are {6):

HF communication along non great-circle paths (through
backscatter or rather side-scatter). This makes
communication possible at frequencies higher than those
normally usable;

Monitoring the coverage of HF transmissions by
determining the region from which signals are scartered
back. This can also be used for obtaining an estimation of
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propagation conditions for real-time choice of operating
frequency;

- Monitoring the structure and dynamics of the jonosphere;

- Remote sensing: monitoring sea state and corresponding
surface wind and ocean current at distances up to some
thousand kilometres from the observing station;

- Target detection for surveillance (over-the-horizon (OTH)
radar), e.g. aircraft tracking.

Besides these applications in which & positive use is made
of backscatter signals; strong scatter signals, however, may
cause degradation of communication circuits, For instance, on
short range HF links, where the receiving station is relatively
close to the transmitting starion, reception of long delayed
echoes may appoar due to backscatier. These backscatter signals
will interfere with signals received through the ‘legitimate’ path.
Even on low data rate links this time dispersion of signals may
cause intersymbol interference.

3. MEASUREMENT SET-UP

The aim of the measurements is to investigate HF
backscatter behaviour in order to assess the interference causod
by these signals on short range HF data links. The most
important information required, concerns statistics on
parameters like path delays and signal strengths of backscatter
signals and how they are related to time of day, season,
operating froquency and solar activity.

In order to gather such dats, path delays and signal
strengths weee measured over a 66 km path between The Hague
(52.07N 4.23E) and Dongen (51.37N 4.56E) in The
Netherlands. To assess whether short range links suffer more
from scattered signals than long range links, measurements
were also taken over s longer path of 958 km between The
Hague and Kjeller (60.06N 10.13B) in Norway (Fig. 1). With
this configuration, backscatier on a short path and side-scatter
on a substantially longer path can be monitored simultaneously.

Fig.1  Locations of measurement stations

In this measurement set-up, the station in The Hague is the
transmitting station, while the stations in Dongen and Kjeller

are the receiving stations. Along the two paths between the
transmitting station and the receiving stations we measured path
delay - in the order of milliseconds -, received signal strength
and frequency of the received signal.

3.1 Principle of path delay measurement

To measure path delay, a carrier which is binary-phase-

shift-keying (BPSK) modulated with & pseudo-noise (PN)

is transmitted. At the receiving station the received
signal is demodulated with the same PN sequence. The effective
chip rate of the receiver PN sequence is somewhat lower *'an
the chip rate of the transmitter PN sequence, so in fact the
receiver PN sequence is shifted along the received bit sequence,
which is BPSK modulated on a carrier. When the received
signal and the receiver PN sequence correlate, the BPSK
modulation will be removed and the original carrier will be
restored. When there is no correlation, the output of the
demodulator will be 'noise-like', At the beginning of a
measurement, both tranemitter and receiver PN sequences are
reset at the same time, The path delay can be derived from the
time interval between the beginning of the measurement and the
appesrance of the demodulated carrier.

This principle is shown in figure 2. At time t, there is no
correlation betwoen the received signal and the receiver PN
soquence. At time t; the receiver PN sequence is shifted one bit,
but theee is still no correlation. At time t, the receiver PN
sequence has shifted one bit again and now correlates with the
recsived signal. The restored carrier at the point of
output of the BPSK demodulator. This carrier is detectable and
the path delay can be determined.

S
demodulator output

Fig.2  Principle of path delsy measurement using PN
sequences

Actually, the measurement system uses a diroct-soquerice
spread-spectrum technique. When correlation occurs, the
received BPSK signal is ‘despreaded’ by the BPSK demodulator,
resulting ir & signal with a much smaller bandwidth.

32 Transmitter configuration

The transmitting station (Fig. 3) transmits PN sequences,
which are repeated continuously. The PN sequences are BPSK
modulated on an HF casvier frequency, which is transmitted by
2400 W transmitter. The transmission bandwidth is 6 kHz. The
transmit antenna is & vertical whip antenna. A personal
computer (PC) controls the transmitter unit.

The PN sequences are generated by a PN sequence
generator implemented as an add-on card in the PC. The length
of a PN sequence is 255 bit and the chip rate is 3 kbiv/s, so the
duration of a PN sequence is 85 ms. A DCFT7 receiver, which
is also implemented as an add-on card in the PC, serves as time
syachronization device for both receiving stations at the
beginning of each measurement. Time signals are received from
the standard time transmitting station DCF77, which transmits
at a frequency of 77.5 kHz from Mainflingen i Germany.
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Fig.3  Transmitter configuration
33 Recelver configuration

The receiving stations in Dongen and Kjeller are identical
(Fig. 4). An active rod antenna is used as the receiver antenna.
The receiver is a modified HF communications receiver. A
BPSK demodulator is placed following the 455 kHz
intermediate frequency (IF) band-pass filter with 6 kHz
bandwidth. This IF signal is demodulated using a local PN
sequence generated by the receiver PN soquence generator. The
demodulated signal is converted further down in frequency.

Like the transmitter unit, the receiver units are also
contyolled by a PC. The PC is equipped with 8 DCF77 card for
time synchronization with the transmitting station and a PN
sequence gencrator card to generate the same PN sequence as
does the transmitter PN sequence generator, The difference with
the transmitter PN sequence is that from the beginning of a
measurement the receiver PN sequence is retarded half a bit
every 256 ms. So after N times 256 ms from the beginning of a
measurement, the total delay of the receiver PN sequence in
comparison with the transmitter PN sequence is N times 0.1667
ms (half bit time). When the total delay of the receiver PN
sequence equals the path delay, correlation will occur and the
output of the BPSK demodulator will be a sine-wave.

The bandwidth reduction factor (time scaling) of our
measurement system is: 256 ms / 0.1667 ms = 1536. So when
correlation oocurs the received BPSK signal with 6 kHz
bandwidth is 'despreaded’ by the BPSK demodulator, resulting
in a signal with 3.9 Hz bandwidth. The processing gain of the
measurement system - the ratio between bandwidth of the
transmitted signal and that of the ‘despreadod’ signal - is 32 dB.
During calitvation we found that BPSK signals down to0 20 dB
below the noise level were detectable with a negligible false

The duratic:: of one measurement is 130.56 seconds.
During this time, the path delay of all modes of propegation
beiween transmitting and receiving station with path delays
between 0 and 85 ms and with a sufficient signal-to-noise ratio
will be measured with a resolution of 0.17 ms. The absolute
accurscy of the path delay measurement depends on the time
synchronization between the transmilting and receiving stations
at the beginning of each measurement.

The frequency of the sine-wave which appears when
comrelation occurs, depends on the Doppler shift of the received
signal due to motions in the ionosphere. Becauce more than one
echo may appear at the same time, we must be able to deal with
the possibility of more carriers showing up simultaneously on
slightly different frequencies. As no one should be missed a
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detector that in fact is a low frequency (LF) spectrum analyzer,
is used. In doing 30, we also deal with frequency drift problems
that occur in practice. As a consequence of using a spectrum
analyzer for detection, we do not obiain & solid correlation peak,
but samples of it. From these samples the original correlation
peak can be reconstructed, however.

| personal computer 1

Fig.4  Receiver configuration

3.4 Signal processing

Sine-waves which appear at the point of output of the
BPSK demodulator when correlation occurs, are detected by the
LF spectrum snalyzer. From the output data of the spectrum
analyzer - amplitude and frequency - correlation peaks are
reconstructed. The path delsy can be derived from the time
interval between the beginning of 2 measurement and the
appearance of s correlation peak as described in paragraph 3.1
Each correlation peak represents a signal received from the
transmitting station with a specific path delay, The signal
strength of the received signal is derived from the amplitude
detected by the spectrum analyzer snd the sutomatic gain
control (AGC) voltage of the receiver. Since the gain of the
active rod receive anterma is known, the field strength of the
received signal can be calculated from the received signal
strength. The frequency of tha restored carrier is measured by
the spectrum analyzes.

Measurement data like: time interval, strength and
frequency of the delected signal and receiver AGC voltage are
stored in the PC at the receiving siation during the
measurements. After the measurements these dats are, at the
requast of the PC at the transmitting station in The Hague, send
1o this PC through modem and telephone line. In The Hague,
the measurement results are further processed 1o obtain path
delays snd signal strengths for the given operating frequency on
which the measurements were taken as a function of time of
day.

4. MEASUREMENT RESULTS

Between June 1989 and June 1990, measuwremaonts were
take?. over the 66 km path in The Netherl inds and,
simu\'aneously, over the 958 km path between The Netherlands
and Murway. Moasurements were taken a' 3 minute intorvals
duris , 16 or 24 hours a day. Operating frequencies close 10 2.0,
35,5.7,7.5,20.0 and 29.8 MHz weze used.

For each measurenent period of 2 hours, 2 plot was made
of the field strength at the receiving station as a function of time
of day and path delay. Each trace in these plots represents the
received field strength as a function of path delay for one
measurement. In these plots the different modes of propagation,
with corresponding path delays, can be distinguished. In figures
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6 through 11, some measurement results containing backscatter
signals are shown for different frequencies in the HF band, Note
that the field strengths sre scaled differently in the various plots.
In the box in the upper left comer of the plots, the figures of the
predisl propagation mode - by IONCAP [7] - are
summarised,

Figure 6 shows results of measurements takenon 2
frequency of 2.0 MHz during night time in late summer. On the
path between The Hague and Dongen a groundwave mode of
propagation is present - approximately 0.2 ms path delay - as
well as backscatter signals with path delays between 6 and 16
ms (Fig. 6a). Most of the backscatter signals are dispersed
between 6 and 10 ms path delay. The predicted 1F2 mode (one
hop via the F2-layer) is not present. On the path between The
Hague and Kjeller, a one hop mode with a path delay around 4
ms is present (Fig. 6b).

In figure 7, results are shown of measurements on 3.5 MHz
taken between 3.00 and 5,00 universal time (UT) in autumn. On
the path to Dongen groundwave, one hop and multi-hop signals
are present (Fig. 7a). The signals with path delays between 10
and 15 ms are backscatter signals. Dutonmuynclmnumon
errors, the absolute path delays of the different traces in figure
7a ae somewhat dislocated. The path to Kjeller shows two
modes of propagation with slightly different path delays as well
as some weaker signals with longer delays (Fig. 7b).

Results of measurements taken in autumn during the
evening on 5.7 MHz are shown in figure 8. Theve are a one hop
and a two hop mode and also some backscatter signals with path
delays around 12 ms on the path 1o Dongen (Fig. 8a). The path
to Kjeller shows & ons hop mode and also signals with longer
delays, with a maximum of 13 ms (Fig. 8b).

Figure 9 shows rosults of messurements taken in summer
betwoen 21.00 and 23.00 UT on & frequency of 7.3 MHz. On
the path to Dongen one hop and multi-hop modes are present
and also a few backscatier signals with longer path delays (Fig.
9s). On the path 1o Kjeller & one hop and possibly & two hop
mode are present (Fig. 9b).

Results of measurements taken on 20.0 MHz during day-
time in autumn aze shown in figure 10, The groundwave mode
and the 1F2 mode are not present, the latter being omitted since
the frequency of 20.0 MHz. is above the maximum usable
frequency (MUF) for the link between The Hague and Dongea.
Only backscatter signals with a delay betweon 6 and 10 ms are
peosent (Fig. 10e), On the path to Kjellee there is 2 one hop
mode present, 50 apparently the MUF is higher in frequency
than predicted (18.9 MHz) (Fig. 10b).

In figure {1, results from measucements on 29.8 MHz are
shown for the path between The Hague and Dongen tskenon a
winter morning. Between 7.00 and 8.00 UT twere are no
backscatter signals, only groundwave signals are present (Fig.
11a). Afier 8.00 UT backscatter signals appear with path delays
around 15 ms (Fig. 11b).

The measurements v nnie operaling frequency were
repeated scveral times ¢ 1:0 Jh. For example, in Oclober 1989
measurements on 7 S i (., ‘ere taken on seven days. For this
month the cumuir .« 5. 1 rength was derived for each
measurement pet. <. " Lurs. In figure S, the cumulative field
strength is showr 1ur 5 .acasuremcits aken in Ociober 1989
betwoen 1.00 and . . UT for the path: between The Hague and
Dongen. For u given path delay on the horizontal axis, the
corresponding value on the vertical axis represents the
cumulative field strength of all signale with a longer path delay
than the given value. The contribution of NVIS signals - around
3 ms - and of backscatter signals - around 10 ms - i visible in

figure 5. For the given operating frequency, month and time of
day period, there was no contribution of groundwave signals.

7.539 MHz, October 1989, 01.00-03.00 UT
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Fig.S Cumulative field strength (The Hague - Dongen)

On the short path a groundwave mode, a NVIS mode or
both modes of propagation were present. When backscatter
cccurred, the difference in path delay between one of these
modes and the backscatter signals was relatively large. During
our measurement period, backscatter signals with path delays up
1o 20 ms were encountered, while the path delay of groundwave
signals was spproximately 0.2 ms and that of the NVIS signals
was around 3 ms. Due 10 this large difference in path delay, the
time dispersion of signals could cause intersymbol interference
even on low daia rats links. For a 75 Baud data link, for
instance, the symbol period is 13 ms, so two signals witha
diffesence in path delay in the order of this period will cause
intersymbol interference, provided they have comparable signal
strangths.

On the longer path, the principle propagation mode was
one hop skywave. In general, the difference in path delay
between this skywave mode and side-scatter signals was smaller
than that betwoon backscatter and the other modes of
propagation on the short path. Our first impression is that the
occurrence of side-scatier on the longer path is less common
than the occurrence of backscaiter on the short path.

The froquencies on which backscatter occurs are dictated
by the frequency window for longer range links. So in the lower
ond of the HF band, most backscatter is observed during the
night and in the higher end during the day. Most backscatter is
expected in winier and our first impression of the measurement
results is that this is visble. However, the analysis of
measuzrement dala to oblain statistics of peth delays and signal
strengths of backscatier signals as & function of season has not
finished yet. Also, the statistics of backscatter as a function of
solar activity for our measurement period of cae year still have
to be derived from the measurement data.

S. CONCLUSIONS

On a fixed frequency, path delays can be measured using a
direct-sequence spresd-spectrum technique by transmitting s
BPSKupnlmodulnedwnthqummddamdulmng
the received signal with the same - but retarded - PN
ﬂﬁsprovidumdmﬁvefonbemofﬂni;hpowap\du
transmiiter for path delays. With the measurement
system, path delays between 0 and 85 ms can be measured with
a resolution of 0.17 ms and an absolute accuracy depending on
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the time synchronization between the transmitting and receiving
stations.

The measurement results show that particularly on short
range links (<100 km), long delayed backscatter signals appear.
Interference of backscatter signals with groundwave or NVIS
signals may cause intersymbol interference, even on low data
rate links. In the lower end of the HF band, most backscatter is
observed during the night and in the higher end during the day.
The occurrence of backscatter is dictated by propagation
conditions for longer range links, thus depends on frequency,
time of day, season and solar activity.

6. RECOMMENDATIONS
The interference on short range HF data links caused by

backscatter can be avoided by technical or operational solutions.

The technical solution is to design a modem that discriminates
between the different components, which can have differences
in path delay up to 20 ms. Backscatter signals are then used in &
positive way in signal demodulation. If possible, antennas can
be used which have a radiation pattern such that the strength of
the received backscatter signals is suppressed, The operational
solution is to make a proper choice of operating frequency.
Such a choice could be based on statistics on the occurrence of
backscatter.

Further analysis of the measurement data is ngceszary to
obtain sufficient statistical background about the occurrence of
backscatter. Recommendations can then be made concerning
operating frequency for a given link range, time of day, season
and solar activity.
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Fig.8 Path delay and field strength as function of time of day; frequency 5.7 MHz
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Fig. 10 Path delay and field strength as function of time of day; frequency 20.0 MHz
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DISCUSSION

M. DARNELL

Could you say something about the relative levels of the various received
signal components, i.e. what was the level of the backscatter component as
compared with the other components ?

AUTHOR'’S REPLY

It is difficult to say something about the relative level of backscatter
components in general. Sometimes the backscatter signal levels were
comparable in strength with the groundwave or nearly vertically skywave
signals. At other times, for instance, we encountered only backscatter signals,
without other components. The received signal level of each component
depends on the specific propagation conditions for that component, for a
given operating frequency and time of day.

John S. BELROSE
I was rather astonished by your response to the previous questioner that the
NVIS signal could at times be comparable with the groundwave signal for the
shore path over which you have made measurements. The vertical whip
should help to reduce such a problem, due to the fact that it should have an
overhead null (-15 to -25dB).
Could you give more detail on the specific transmitting antenna employed.

AUTHOR’S REPLY

The aim of the measurements was to invertigate HF backscatter, in order to
assess the interference caused on operational links. For this reason we used a
4% metre vertical whip antenna, which is similar to the antennas used by the
Royal Netherlands Army.

In fact, sometimes the received level of backscatter signals was comparable
with the received level of groundwave or NVIS signals. Since the analysis of
our measurement results has not finished yet, it is not possible to give
statistical data on the difference in received field strength, between the
different components, yet.
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OPTIMUM ANTENNA SPACING FOR DIVERSITY IN
METEOR BURST COMMUNICATIONS SYSTEMS

Paul S. Cannon
Anil K. Shukia
Applied lonospheric Physics, Flight Systems Department
Royal Aerospace Establishment, Farnborough,
Hampshire, GU14 8TD, United Kingdom

Mark Lester
lonospheric Physics Group
Leicester University
Leicester, LE1 7RH, United Kingdom

SUMMARY

Temparate [atitude meteor burst (MB) spacs diversity
measurements, using cross correfation analysis of 37 MHz
signals scattered over an 800 km path, are reported.
Signals of duration 20.75 s, received on antennas separ-
ated by 51, 10), and 201, are investigated using 6 days of
data collected over a 9-day period during February 1990,
Signal decorrelation is shown to be achieved by an antenna
separation of 51 and there is no apparert variation in aver-
age cross correlation coefficient, for antenna separations
between 54 and 20), for any of the signal categories
examined. We dbcuu In some dmll previous diversity
studies by Bartholomé! and Ladd?,

1 INTRODUCTION

it is mathematically convenient, when first investigating
meteor burst (MB) propagation, to assume that the incident
wave has been scattered from idealised straight columns nf
ionisation created by incoming meteors3. Implick in this
formalisation Is a single, planar wave incident on the recalv-
ing antenna.

Mesospheric wind shears and turbulences can,
however, radically alter the initial shape of the trail and may,
as & Consequence, cauu the formation of muktiple scatter-
ing regions (or gnnts) These glints may move indepen-
dently and each scattersd signal will oxporionoo a different
Doppler shift. Fading will then be observed due to the
superposition of two or more discrete Doppler shifted
froquoncy components. The aggregate wavefront is now

no longer planar and & ditferent time dependent
S e
anten u may be possible to
exploit diversity, eg Ref 5, techniques, similar to those usod
in the HF (high froquoncy) band, 1o enhance the perform
ance of MB communications systems. A pre-requisite 1or
the implementation of diversity is the existence of uncorre-
lated fading at two, or more, of the receiving antennas.
Under thess circumstances a faded signal from one
antenna may be compensated for by in phase addition of
the signal components at the second antenna. One method
of obtaining these uncorrelated signals is by reception at
two appropriately spaced antennas (space diversity).

investigation of MB space diversity on long duration
(~4 5) echoes was performed by Ladd2. An operating fre-
quency of 49 MHz and a 1 kW transmitter were used with
signals received on two antennas separated by either 223

or 60A. These signals were recorded and digitised using a
100 ms sampling interval. The correlation coefficients were
computed for underdense, specular overdense and non-
spacular overdense signals. The high values obtalnod
(0.9948, 0.9819 and 0.7970 respectively) led Ladd2 to
conciude that little space diversity gain could be obtained.
However, hdlr? periods on algnalt in this frequency band
range typically® between 100 ms and 1 s and the 100 ms
sampling period adopted would, therefore, have been too
infrequent. The cross correlation cosfficients were also
computed over complete trail durations. Similar analyses
performed by Cannon e aff showed the correlation coef-
ficient to be a function of the time into the trail decay. In
this latter work high correlation coefficients were reported,
a8 oxpoctod at the start of the trail decay, with the coeffl-
cients decreasing towards the end of the trail lifetime. The

conclusions appear to place those of Ladd? in question.

A cross correlation costficient of 0.8, or below, was
adopied by ud? a3 a ‘practical’ indication of useful
deconelation®, Such a condition is, however, only appli-
cable to Rmh fading conditions. Extensive studies
have convi these authors that Rayleigh fading between
mukiple glinta is only one of many situations that can occur.
Interferance between two, or & small numbar of glints,
resuling in a desp periadic fading envelope which approxi-
mates a reciitied sine wave is more likely. Greenhow0
suggestad that approximately 400 ms are required for the
formation of the first glint  This then restricts the appli-
cability of the Ra fading model, requiring the formation
of mukiple (>8) glints, to long enduring meteor irails. kis

refore, 10 base M3 diversity conclusions on
slmpiy Rlyldoh fading assumptions. The deep ponodnc
fading patterns resulting from two or three gllm also relies
on the formation of glints of similar dimensions, a situation
which may not prevail. Superposition of signals from
smalier scattering regions and the main scattering body will
stil, however, cause an amplitude fiuctuation as opposed to
deep periodic fading.

Bartholomé! suggested that the conclusions of Ladd?
were pessimistic. He performed experiments in the 38 to
41 MHz band with 400 watt transmissions and an antenna
separation of 4 In a line perpendicular to the great circle
path from the transmitter to the receiver, The diversity
effect reported was small both for underdense and over-
dense spaecular reflections. However, when the trails were
long (>2 s) and wind distortion had led ‘o the creation of
sevaral glints, the resuiting multiple wavefronts added
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vectorially to produce quasi-independent time varying
signal fields at each of the separated antennas.

The only fuily developed MB communications system
reported in the open literature which has incorporated
diversity is COMET'1. The COMET system, which imple-
mented antenna space diversity, together with diversity
combining of signals from antennas mounted at o differ-
ent heights, showed a remarkably high duty cycle compared
with other MB communications systems12, The reasons for
this high throughput were never formally proven but
Bartholomé and Vogt'! believed that diversity contributed a
considerable degree. If so, this is in conflict with the con-
clusions of Ladd2.

In summary, the literature of the 1960s is confused with
regard to the benefits of space diversity in MB systems,
MB data communications are generally regarded as low data
rate systems, with bit rates varying from a few, to generally
only tens of bits per second12. The possibility of improving
this by using spaced diversity techniques cannot be
ignored and as a consequence further work has been
pursued more recantly. Cannon ef &/ 7 and Shukla et al 13
have clarified the situation on a temperate latitude 37 MHz
path by showing that although the correlation coefficient of
the total signal envelope is high, as found by Ladd?, the
correlation cosfficient falls as a function of time into the
trail. Shukin of a/ 13 categorised the received signals into
three groups, ie underdense, overdense and not known
{NK). Of the thres siqnal types NK signals were observed to
be less correlated than underdenss or overdense trails. At
an antenna spacing of 10A, when all three categories were
combined, 40% of all signals exhibited cross correlation
cosfficients of <0.8 after 0.25 s of signal decay. in this
paper we will address an aspect of the work reported by
Shukla ef a/ 13 namely the optimum antenna spacing in
such a diversity system.

Whilst this paper addresses meteor burst signals it must
also be recognisad that three other sources of uncorrelated
signal exist in the MB frequency band; namely ionoscatter,
sporadic-E and propagation via the F2 layer during periods
of high sunspot activity. The magnitude and occuirence of
signals propagated via these modes is depandent on
mechanisms with various temporal scales and on the radio
frequency of operation. These other modes can add
vectorially with MB signals providing the possbility of
diversity gain. Similar conclusions were reached
Bartholomé'.

2 EXPERIMENTAL TECHNIQUE

The experiments performed consisted of the trans-
mission of a 37 MHz, 400 W continuous wave (cw) signal
over an 800 km path. The transmitter was (Figure 1)
in Wick, Scotland (58.58 N, 3.28 W), and signals were
received at Cobbett Hill Radio Station in Southern England
(51.27 N, 0.63 W). In order 1o minimise the reception of
sporadic-E signals which might confuse the study of MB
signals, the experiment was performed in February,
Moming and afterncon data were collected for three
antenna separations of 51, 10A and 20 (Table 1). These
separations compare to 222 and 60\ used by Ladd2 and the

4), separation implementad by Bartholomé'. Tha receiving
antennas were sited in a line perpendicular to the great
circle path from transmitter to the receiver. Both the trans-
mitting and receiving antennas were horizontally polarized

SRS A e e ey Wy,

4-eloment Yagis, mounted at a height of 1A which is suitable
for centre path illumination at an altitude of 95 km.

The received signals from the two antennas were fed,
without amplification, down two lengths of loss equalised
cable to the recelving and signal monitoring system,

Figure 2. The two down-converter!4 output signals were
fed into separate RACAL 1792 HF receivers operated with a
bandwidth of 3 kHz. The two 100 kHz intermediate fre~
quency output from the receivers were recorded on two FM
channels of a RACAL STORE 4DS tape recorder after
passing via a unit described as a ‘Log Datector14, The
latter units output the logarithm of the detected input signal
level. These signals were recorded in a 1.25 kHz bandwidth
using a tape speed of 3.75 inches per second.

In order to derive absolute signal levels, each one hour
data tape was calibrated avery 28 minutes with signals
ranging in voltage equivalent power levels from -133 dBm to
-76 dBm in 3 dBm steps.

3 DIGITAL ANALYSIS TECHNIQUE
Data capture

A computer program, configured for the Hewlett Packard
HP 9833 desk top computer, was written to store and
analyse the analogue recorded signals. The program
enables two signal voltage channals (eg from spaced
antennas in this case), to be sampled and stored by an 8 bit
analogue to digital converter. The two adjacent signal
channels are sampled within 40 us. This then approxi-
mates simutaneous sampling. The anti-aliasing filter is a
\g:ablo fow pass filter with a 48 dB per octave roll off,

ure 3.

These digitised data points represent received signal
power in dBm and are derived from the digitised analogue
signal voltages using the calibration data. The data files
can be displayed to show signal strength (dBm, ordinate
axis) against time {seconds, abscissa) for a selection of
time windows. The software suite is described in detail by
Shukia5. By using a vertical sliding time cursor meteor
signal envel , above a fixed power threshold, can be
visually identified and easily characterised. The software
also caiculates the cross correlation coefficient of the two
signals over a time segment specified by the user.
Calculated correlation values can then be stored to disc
with an identifying label which best describes the category
of signal currently under investigation.

Data analysis

Data coliected st the three antenna separations, were
analysed according to the preceding description using a
chanmng rate of 100 Hz (10 ms) and an antl-allasing
fikter of 25 Hz. This sampling rate is ten times
higher than that ussd by Ladd2, A threshold of -120 dBm
{approximately 10 dB above the noise floor) was used for
signal analysia. Al signals above the analysis threshokd
were categorised as ‘overdense’, 'underdense’ or ‘not
known (NK)'. The category 'NK' refers to that group of
signals which may have propagated via sporadic-E,
ianoscatter, or vis non specular meteor trails. Cross
correlation coefficients for zero lag (t « 0) were then
evaluated for these signals. Since meteor decay is a non-
stationary process cross correlation values of 1} > 0 are
invalid,
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In analysing the underdense and overdense trails the
correlation start time cotresponds to the end of traif forma-
tion. This can be identified by the discontinuity on the rising
edge of both underdense and overdense signal envelopes.
Those two channel data within the first 0.25 8 of formation
were correlated and the cross correlation value recorded
along with the trail category (Figure 4a). Successive 0.25 s
segments were and correlated until the end of the
trail was reached. The latter is taken to be that time when
both channels fali below the pre-set analysis threshold. The
decay period is, therefore, determined by the longer dura-
tion channel opening time, This definition incorporates the
important period when only one channel is above the thres-
hold, during which time diversity is expected to give its
greatest improvement in channel availability.

Greenhow® has shown that the frequency range of deep
petiodic fading from meteor trails is 1-10 Hz and an analysis
segment size of 0.25 s Is, therefore, sufficient to encom-
pass most fades. Correlation vaiues from the first 0.25 s
form the statistics for segment 1, comelation vaiues from
the second 0.25 s form the statistics for segment 2, and so
on,

NK signals show no discontinulty near their start and
consequently start times were identified by the first signal
crossing of the analysis threshold, Otherwise the analysis
was the same as underdense and overdense tralls,

In data analyses successive and grouped segments
were compared. Implicit in this approach is the assumption
of an average ionisation height and location. This averaging
ignores the differing geometrical factors which affect the
decay of meteor traile occurring within the antenna common
volume. In addition to time segmentation of the signal,
cross corelation analysis was also performed over the total
signal decay period (Figure 4b) to compare our results with
those of Ladd?.

Trall categorisation

Figure 4 is lllustrative of the three trail categories to
which the digitised signals were assigned. Similar trall
categorisation was performed by @stergaard of a/'® and
this was used as & basis for ordering our data.

An underdense trall is characterised by a short signal
rise time and a slower lnear decay time (in dB) which starts
immediately after the envelope has reached s maximum
ampliitude. An underdensae trail is lustrated in Figure 4a
where the decay duration on channel 1 is greater than
channel 2 by an amount 4. In this example selection
diversity would be advantageous.

A specular overdense trail is depicted in Figure 4b. kis
characterised by a fast rising increase in signal strength
until the Fresnel zone is formed. This is foliowed by a
further period of slowly increasing signal strength, resulting
in a rounded top to the received envelops. Overdense
decay durations and received signal strengths are usually
greater than underdense trails. In the example Figure 4b,
selection diversity would show little advantage.

The 'NK' category of signal have an undefined format
and may be associated with signals scattered from
sporadic-E, ionoscatter signals, or non-specular meteor
signals. Figure 4c shows short duration, highly uncorre-
lated waveforms. There is a delay of A2s between the
signal crossing the analysis threshold on channel 1 and the
signal crossing on channel 2. There are also a number of
NK signals which fall into a group suffering from echo
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overiap decorrelation'7. These signals occur when two
traiis form within the lifetime of each other and within the
antenna common volumes. Figure 5 illustrates such a case,
Between times Tq and T2 a single underdense trail exicis
but a1 T2 a second meteor trail forms. The signals add or
subtract at the antennas, depending on their relative path
difference, resulting in the envelopes seen in Figure 5.
These trails are grouped in the NK category due to their
unusual and rare nature. Signals scattered from remnants
of tralls which were not previously in the antenna common
volume, or tralls which have been severely distorted and
which are not easily recognised are also grouped in this
category.

Figure 8adb illustrate the desp periodic fading which
posibacioo o I‘l anmd ‘m:rmod latio
components 10 produce a ulation
pattem, The bwmuy duration of the underdense trail
(Figure 8a) is ~2.5 5. in a conventional communications

, however, this single trall would be interpreted as
three different tralis due to the three deep (~10 dB) fades in
the trail decay. The potential data throughput from such a
trail is then not fully exploited. In this particular example of
an underdense trali, diversity wouid not be advantageous
due to the phase coherency of the desp fades on the two
antennas. Conversely, although a similar fading pattem is
obsarved for the overdense tralis in Figure &b, there is a
fade time delay between the two channels of approximately
10ms. D systems can exploit this fade delay by
combining the signais 1o reduce the fade depth. The com-
bined signa! would enable & M8 communications system to
utilise the total decay durstion, thereby increasing the
system data throughput.

4 RESULTS: SPATIAL CORRELATION
VARIATION

An important question relating to the implementation of
any space diversity receiving system Is the optimum
distance required between the antennas. A large antenna
mbnmwumukwbouahauﬂmm
decorrelation. In order 1o minimise the amount o
required 10 depioy the antennas the minimum separation
commensurate with signal decorrelation is, however,
considered 10 be the optimum separstion.

in order 10 determine this unknown optimum spacing,
investigations were performed on signale received on
antennas ssparated by 54, 104, and 20 (Table 1). Six
mMMMmlﬁ.odmmoaA‘maNnypzbd.M

antenna spacing 1] categories

duration 2 0.75 s were identified and analysed. All data for
each antenna separation were combined in order o
increase the trail count.

Underdenss tralls

Between 20 and 40 traile of duration 20.75 s were
identified over the 2 days at each antenna separation,
Cumuiative correlation distributions values, from under-
dense trails caicuiated over the first 0.25 s (segment 1), at
the three antenna spacings are plotied in Figure 7a. Similar
:i':'ribubm are also plotted (Figure 7b&c) for segments 2

3

The three piecewise linear distribution curves piotted for
segment 1 (Figure 7a) are similar in shape and no consistent
order 1o the distribution curves is observed as a function of
antenna separation. The maximum distribution spread
batween any of the three curves is approximately 10%; this
represents a difference of only three trails in the 51 data
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set. Consequently, within the limits of our data set we con-
clude that in segment 1 the decorreiation of underdense
trails shows no increase or decrease with antenna
separations between 53, 10A and 20A. That is antenna
separations of 53, 104 and 20X should provide very similar
space diversity gains,

The absence of spatial variability is aiso noted for
segments 2 and 3 (Figure 7b&c). Although an increase in
decorrelation occurs with increasing segment number, there
is again no consistent order in the correlation distribution
curves obtained from underdense signals at the three
antenna spacing.

Overdense trails

Cumulative distributions for the three segments at the
three antenna spacings are plotted in Figure 8. The top two
frames show that the correlation values of the signals
recelived at 54, 10, and 20 are closely distributed In both
segments 1 and 2,

in sagment 3 (Figure 8¢) approximately 20% of the trails
at 51 have correlation values less than 0.6. This sontrasts
with 15% at 104 and 32% at 20. The maximum distribution
spread occurs at a correlation value of 0.8 between the 20X
and 10A curves and is 25%. This represents 11 tralls of the
10) data set which is a fairly significant trail count,

We conclude that, within the limits of our data set, the
decorrelation of overdense trails shows no varistion with
antenna spacing between 52, 10M and 20\ for segments 1
and 2, Correlaton valuss for segment 3, however, appear
to favour the 20X antenna spacing, aithough, It is unclear i
this is due to the limited data sets involved,

NK signals

Preliminary studies of the 5\ data revealed that NK
signals analysed on day number 44 ware significantly less
cotrelated than NK signals analyssd 9 days later on day
number 53. Within the 6days of data considered, those
signals recorded on day 44 showed an uncharacteristic
amount of multipath, Cross correlation statistics from these
2 days were not, therefore, combined but kept separate and
are thus presented in the ‘ollowing diagrams. The multipath
on day 44 had little impact on the analysis of underdense
and ovardense trails since, by our definition, for selection
these were required to meet certain exacting requirements
relating to the signal envelope with all other signals
categorised as NK.

In our discussions we firstly exckide data from the 5
spacing on day 44 where the correlation values are
influenced by severe multipath. For any given segment the
correlation distributions (Figure 9a-c) at the three antenna
spacings are broadly similar to each other. it is also
apparent that NK values are more uncorrelated than the
underdense or overdense signale, The absence of a
systematic variation in signal correlation with antenna
spacing, in any of the three time segments, essentially
mirtors the resukts from the other two signal categories.

Returning now to day 44 we observe that the effects of
the multipath are dramatic. The probability of finding
decorrelated signais on this day in segments 1, 20r 3 is
significantly greater than on the other 5 days of the

—— e e

;xigp;dmom. On day 44 the space diversity gain should be

$ CONCLUSION

This r has investigated space diversity of 37 MHz
scattorodp.spig.nals. The spatial variation of correlation
values, a parameter important to system designers, was
addressed for amtenna spacings of 5A, 10), and 20A. Al of
the following conclusions relate 1 trails of duration 20.75 s,

The spatial variation of received signal correlation
values was investigated at three antenna spacings of 53,
10, and 20A. Littie spatial variation was observed for any
of the signal categories and it appears that decomelation is
achieved at very modest spacings of 53 or 102. The ;mMB
separation is less ical and unnecessary i compact
systems are toqm::.q On the basis of our measurements
the 42 diversity antenna separation implemented by
Bartholomé and Vogt! ! in COMET would probably have
been as successful as a much larger antenna spacing.

Our measurements were made with a fixed transmitter
power of 400 waits. Variation of this power will change the
relative numbers of underdense, overdense and NK trails
present. Given, however, that all three trail categories
show no significant decorrelation dependence with antenna
spacing, we expect that the above conclusion nr;gardmg the
optimum antenna spacing will not vary as a function of
transmitter power.

An important caveat 1o this work relates to the latitude of
signal measurements. At high latitudes in particular, where
anomalous ation modes are more common, different
conclusions may be obtained.

In conclusion, the results presented in this paper
suggest that space diversity will be advantageous, especi-
ally when signais propagate via NK tralis. A diversity
contrbution can, however, also be expected from over-
dense and underdense tralis particularly towards the end of
thelr trail ifetimes.

Table 1

Timetable ol Data Collected
from Cobbett HIll

Day Antenna Hours of data
number separation collected
ey
44 5 5
45 10 4
46 20 5
47 20 4
51 10 5
53 5 4

22
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Figure 1. Location of the fransmitting and receiving sites.
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Figure 7. Cumulative correlation probabiiities applicable to underdense signals of duration 2
0.75s received at antenna spacings of 5, 101, 20 :- a) segment 1, b) segment 2,
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Figure 8. Cumulative correlation probabilities applicable to overdense signais of
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D. YAVUZ
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DISCUSSION

Can you relate this work to variable rate coding (Eg. Miller & Milstein of
Univ. of Californie, San Diego) method of extending useful trail duration.

AUTHOR’S REPLY

Since coding is a form of diversity - time diversity - I would espect it to extend
the useful trail direction. The code rate would, however, have to be matched
to the trail signal-to-noise ratio to extrac its maximum advantage.

C. GOUTELARD, FR

1 - Il ne m’apparait pas absolument nécessaire d'utiliser des syst¢tmes ARQ
dans le cas d’utilisation de codage. En effet, le taux d’erreur varie en fonction
du temps, augmentant dans la "queue” du météore. L'entrelacement ajouté
au codage répartit de fagon uniforme les erreurs et peut éviter les systémes
ARQ dont 'emploi s’avére lourd.

2 - Ne pensez-vous pas que d’autres dispositions des antennes, non placées
systématiquement dans le plan du grand cercle, pourraient &tre envisagées
compte tenu des directions, des lieux d’apparition des météores et de 'effet
des vents de cisaillement.

AUTHOR'’S REPLY

1- I agree that interleaving is approprite technique to counteract burst errors
due to fading but in the end we need ARQ to obtain retransmission of the
lost data.

2 - This is a very interesting point. We have separeted our 4 antennas
perpendicular to the great circle path but depending on the wind direction
greater diversity gain may be obtained by reorientating the antennas out of
the perpendicular plane.

M. DARNELL

1 - Can you state precisely what you mean by "equal gain" diversity ? Is it
selection diversity ?

2 - May I point out that error control coding is also a form of time diversity :
therefore, one might expect a similar order of improvement from this.

3 - We seem to have a similar conflict of interest here to the HF case  for
receiving antenna gain to be effective, a plane wavefront is required : for
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diversity to be effective, an irregular wavefront is necéssary. I believe that you
have shown that diversity is more effective than an increase in transmitter
power ; hence, the irregular wavefront dominates.

AUTHOR’S REPLY

1- We have added the amplitudes of the signals on the two channels.

2 -1 agree.

3 - Certainly the irregular wavefront dominates at the end the trail, although
at the start of the trail the regular wavefront will probably dominate,
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ANALYSE DES RESULTATS EXPERIMENTAUX DE LIAISONS METEORIQUES

REALISEES POUR DIFFERENTES DISTANCES ET FREQUENCES

D. SORAIS

THOMSON-CSF/RGS
66, rue du Fossé Blanc - 92231 GENNEVILLIERS CEDEX

O.RAVARD, L. BERTEL

LABORATOIRE RADIOCOMMUNICATIONS
UNIVERSITE DE RENNES 1
CAMPUS DE BEAULIEU - 35042 RENNES CEDEX
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RESUME

Dans cet article, nous donnons les résultats
expérimentaux de lialsons métdoriques réalisées
entre 100 et 1000 km. Une interpraiation physique de
ces résultats est obtenue en exploitant les
distributions statistiques des paramétres du canal,
ainsi que les enregistrements de la fonction de
transtert du canal. La base de donnédes constituée
compléte et amende utilement les informations
fournies pour les modélisations classiques du canal.

ABRSTRACT

This paper describes the experimental results of
meteor burst communications recorded at ranges from
100 to 1000 km. A physical interpretation of these
results was obtained by using a statistical distribution
of the meteor burst intervals and of the transfert
function measurements. The resulting data base
completes and improves the information provided by
the traditionnal modals.

1 INTRORUCTION

Le flux permanent de météores incident sur
latmosphére terrestre crée, vers 100 km d'aftitude,
des traindes ionisées permettant de réaliser des
liaisons radioélectriques intermittentes. Le canal
météoriqne ainsi défini a été étudié par de nombreux
chercheurs depuis le début des années 50 [1], [2).
Malgré cela, on ne dispose pas actueliement d'outils
de prévisions & partir desquels les performances et la
fiabilité d'un systdme de transmission quelconque
pourraient 8tre évaluédes.

Pour une liaison et une période de l'année données,
les modéles de prévisions permettent, au mieux,
d'estimer les valeurs moyennes des paramsétres
caractéristiques d'une lialson intermittente. Une
oxpérimentation de lordre de 80 heures étant
nécessaire pour mesurer ces valeurs moyennes , il est
difficile de constituer une base de données
représentative de différentes configurations de
lialsons (distances, antennes, périodes de l'année,
fréquences, ...). De fait, la plupart des
expérimentations réalisées antre stations terrastres
ont @16 effectudes pour des distances proches de
1 000 km durant une période de I'année. Il existe une

expérimentation réalisée par NES [3 ] pour laquelle
des mesures simultandes des paramétres du canal
ont §t4 etfectudes pour différentes distances.

On décrit dans cet article les résultats de
'expérimentation THEOREME (Transmission
HErtzienne par Ondes REfléchies sur tralnées
MEtéoriques), réalisée durant I'annde 1989. Pour
chacune des six distances comprises entre 100 et
1 000 km, les paramdtres du canal ont été mesurés
durant au moins 80 heures pour des périodes de
rannée distinctes. Afin d'interpréter correctement les
résultats expérimentaux, il est nécessaire d'identifier,
et si possible de quantifier les contributions des
modes de propagation non météoriques relativement
aux performances globales mesurées. Pour atteindre
partiellement ce but, des expérimentations
complémentaires associées & chacune des distances
précédentes ont permis de mesurer le module de la
fonction de transfert du canal. Un logiciel, non décrit
dans cet anticle, permet de classer automatiquement
les réponses temporelles mesurdes parmi les
différents modes de propagation identifigs.
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Pour Vessentiel, on fournit ici, d'une part les
paramétres moyens du canal, et d'autre part, une
interprétation physique des résultats obtenus A r'aide
des distributions statistiques et des fonctions de
transfert mesurées. Ces résultats fournissent des
éléments pour évaluer la faisabilité de liaisons de
distances quelconques inférieures & 1 000 km
réalisées a partir d'une station principale. Un effort
particulier d'analyse a 6té effectué pour les distances
inférieures & 500 km pour lesquelles les résultats
disponibles dans la littérature semblent peu
cohérents.

2 DESCRIPTION DES _
EXPERIMENTATIONS

Une liaison intermittente est principalement
caractérisée par trois paramatres :

- la durée de service ds
- la durée moyenne d'ouverture t
- la durée moyenne de fermeture 3

Pour une période d'observation donnée, la
durée de service du canal est égale au pourcentage
du temps de cette périede pour lequel le rapport
signal & bruit regu est supérieur au seuil de détaction.
La durde d'une fermeture élémentaire est définie par
lintervalle de temps séparant deux instants
d'ouverture consécutifs du canal . Ces trois
paramétres sont dépendants :

T

d.-=_:

t+3

Les ouvertures du canal sont mesurées par
la transmission permanente d'une courte séquence
codée reconnue en réception. Le banc de mesure
permet donc d'obtenir les valeurs moyennes t et &
ainsi que les fonctions de répartitions des variables
aléatoires assoclées. Le module de la fonction de
transfert du canal est mesuré avec un autré banc de
mesures permettant de réaliser un enregistrement
numérique de la réponse temporalle.

Les six liaisons expérimentales ont été
réalisées sur le territoire frangais entre une station
d'émission située & Cholet et une station de réception
déplacée sur les six lieux de mesures (voir carte,
figure 1 et tableau 1). On décrit cl-aprds les différentas
expérimentations liées & ces liaisons.

2.1 Mesures des ouvertures et des
fermetures du canal

2.1.1  Expérimentations principales

Les caractéristiques radioélectriques de
ces liaisons sont présentées dans le tableau 2. Ces
expéiimentations ont été effectuées a une fréquence
de 42 MHz en utiksant, & l'émission et & la réception,
des antennes log-périodiques horizontales orientées
suivant le grand cercle de la liaison (tableau 3).

Les antennes sont placées a une hauteur
au-dessus du soi telle que les axes liés aux
maximums des lobes principaux s'intersectent en un
point situé & environ 100 km d'altitude a la verticale
du point milieu de la liaison . Pour les courtes
distances (sauf Poitiers), les mesures ont également
616 réalisées pour des hauteurs d'antennes élevées,
A priori non optimales pour le canal météorique, afin
de favoriser la propagation par diffusion
troposphérique pour laquelle le gain aux angles
d'élévations faibles est essentiel. Les valeurs
calculées du gain de l'antenne log-périodique en
fonction de Il'angle d'élévation sont représentées
figures 2 et 3 pour différentes hauteurs de 'antenne
au-dessus du sol.

CORMRILLES (. 310 &km )

CHOLET

& POTMRS (107 wm )

BANVE ( 20 Im)

TOULOK (700 ¥ )}

BOMIFACIO ( 1030 km )

POMTIONS  GEOGAAPHIQUES OES LIAISONS METRONOUES
LOCATIONS OF THR METROAS LINKS CAAMED OUT

Figure 1

STATIONS COORDONNEES DISTANCES

GEOQRAPHIQUES STATION/CHOLETY
CHOLET
(Emisslon) 47.1N-09E
POITIERS 486N O3E 107 KM
BRIVE 451N 1SE 289 KM
CORMEILLES 49.1N 2E 310KM
ISSOIRE 456N 33E 363 KM
TOULON 431N 61E 708 KM
BONIFACIO 414N 93E 1029 KM

TABLEAU 1 - CARACTERISTIQUES GEOGRAPHIQUES DES LIAISONS
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Puissance émetteur 2000W
Pertes coaxiaux émission

{Identiques en réception) 22d8
Antennes émission et

réception Gain/espacs libre
Log-périodiques placées a une

hauteur h au-dessus du sol 7 dBi
Facteur de bruit récepteur 34dB
Rythme binalre 16 Kbit/sec
Eb/No minimum nécessaire 6dB

TABLEAU 2 - CARACTERISTIQUES RADIOELECTRIQUES DES LIAISONS

STATION DE | HAUTEURS NOMBRE D'HEURES DATE MEDIANE
RECEPTION | ANTENNE/SOL DE MESURE DES MESURES
(m)
POITIERS
{107 km) 3 52 15-5
3 23 25.5
BRIVE 4 141 2-6
(289 km)
15 68 31-5
3 223 20-4
CORMEILLES 4 99 7-4
(310 km)
11.5 17 5.4
ISSOIRE 4 165 15-6
(363 km)
1.5 40 17-6
TOULON 65 84 29-6
(706 km)
BONIFACIO 1.5 229 26-9
(1029 km)

TABLEAU 3 - MESURES DES OUVERTURES ET DES FERMETURES
EXPERIMENTATIONS PRINCIPALES
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Une série d'expérimentations
complémentaires a permis de faire des mesures & 42
MHz en polarisation verticale ainsi qu'a 70 MHz en
polarisation horizontale. Les performances d'une
llaison réalisée avec une antenne d'émission formée
de deux dipdles horizontaux alimentés en quadrature
ont également été évaluées. Les principales
caractéristiques de ces expérimentations sont
résumées dans le tableau 4. Les gains de I'antenne
log-périodique verticale et des dipdles croisés sont
respectivement représentés sur les figures 4 et 5.

2.2 Mesure du module de Ia fonction de
transfert du canal

Le sensibilité de la chaine de réception
utilisée est de 4 dB meilleure que celle des
expérimentations du paragraphe 2.1. Les autres
caractéristiques radioélectriques sont identiques.

3 INFLUENCE DU PROTOCOLE DES
EXPERIMENTATIONS SUR
LES VALEURS MESUREES

Pour la mesure des ouvertures et des
fermetures une interruption de fa liaison supérieure &
5 ms environ sera identifiée comme une fermeture. La
quasi-totalité des coupures liées aux
évanouissements associés A une trainée ionisée
déterm.neront donc des ouvertures et des fermetures
de courtes durées. L'influence du protocole sur la
mesure de la durée moyenne d'ouverture a é6té
estimée en supposant que les durées d'ouverture
étaient exponentiellement distribuées (figure 6).

Les coupures de liaisons supérieures & 1
ms seront détectées lors de la mesure du module de
fa fonction de transfert. La bande passante du filtre
d'entrée de ce banc de mesures ast égale 4 7.5 KHz.

NOMBRE DATE
STATION FREQUENCE ANTENNES D'HEURES MEDIANE
DE RECEPTION DE MESURES | DES MESURES
Log-pério.
verticales ¢
42 4 tmysol 22 26-4
CORMEILLES 11.5 nvsol 1e 25-4
(310 km) Log-pério.
horizontales 3
70 3 m/sol 92 11-4
11.5 nvsol 25 i5-4
Dipdles croisés
§ nvso!
60 21-9
42 Log-pério.
BONIFACIO horizontales
§ nvsol
(1029 km) Log-pério.
verticales 18 26-9
11.5 nvsol
Log-pérnio.
70 horizontales 20 229
11.5 m/sol

TABLEAU 4 - MESURES DES OUVERTURES ET DES FERMETURES
EXPERIMENTATIONS COMPLEMENTAIRES
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4 ANALYSE DES RESULTATS DES
EXPERIMENTATIONS PRINCIPALES

On discerne deux classes homogénes de
résultats respectivement associées aux courtes
distances (d < 500 km) et aux moyennes distances
(500 < d < 1000 km).

4.1 Liaisons moysnnes distances

Dans un premier temps, on fournit les
résiltats de la Haison Cholet - Bonifacio. Chaque point
du yraphique de la figure 7 représents la valeur da la
durée de service ds (h, j) pour une heure h du jour |
de I'sxpérimentation. Pour les 229 heures de
mesures, le rapport du maximum au minimum horaire
ast égal & 17. Pour une heure donnée, les fluctuations
de jour & jour peuvent étre filtrées en moygnnant sur
les Nj jours de mesures :

N
Ty (h)-,‘,—' : ;21 dg (0, ])

Les variations de ds (h) fournissent la
signature diurne sinusoidale attendue dont le rapport
des extremums est égal & 3.3 . Les modélisations du
canal permettront, au mieux, de prévoir les valeurs de
la durée de service &g (h) lide & une semaine donnée
de 'année. La moyenne de dr (h) sur les heures d'un
jour représente la valeur moyenne ds de la durée de
service pour la totalité de lexpérimentation.

&=a1%

Les durées moyennes d'ouverture et de
formeture du canal correspondantes ont les valeurs
suivantes :

T=270ms ; 5 =83sec

Hl est intéressant de comparer ces résultats
avec ceux de l'expérimentation COMET [ 4] réalisée
dans la méme zone géographique gue
'expérimentation THEOREME et sur une distance
quasi-identique (995 km). Une partie des
expérimentations COMET a 6té efiectude vers la mi
-novembre 1967 alors que notre expérimentation a
616 réalisée vers la fin du mols de septembre 1989,
qui est la période de I'année pour laquelie activité du
canal météorique est maximale (météores
sporadiques) . Les variations autour de ce maximum
étant peu rapides, la comparaison des performances
mesurées est réalisable en prenant uniquement en
compte les caractéristiques radioélectriques
respectives de ces deux expérimentations. On a
utilisé la description et les résultats de
l'expérimentation COMET fournis par BROWN [5]
tels que :

scouer = 14% Teomer = 470 ms
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Si Pe désigne la puissance d'émission,
Pmin la puissance minimale nécessaire en réception
2t f la fréquence de l'expérimentation (36.6 MHz pour
COMET) on admettra que la durée de service suit la
loi :

0.6
[ 24
d P x f
s - [Pmln

Afin d'estimer la valeur de la durée de
service THEOREME que l'on obtiendrait avec les
paramatres de COMET, cette durée de service doit
é8tre mutipliée par le facteur 0.8 dd aux termes de la
relation précédente. Par ailleurs, le facteur multiplicatit
lié au gain du systéme antennaire de COMET par
rapport au notre est de l'ordre de 2.1. Finalement, on
obtient un facteur global égal 4 1.7 :

7% = g ppecnene X 17

Il est possible de justifier I'écart entre la
valeur extrapdlée & partir de THEOREME (7 %) et la
valeur effectivement mesurée (14 %) par le gain de
diversité du systéme de réception COMET qui
permetirait de réduire la perte sur la durée totale
d'ouverture produite par les évanouigssements
associés & un certain nombre de traindes lonisées

[6] .

La fonction de répartition complémentaire
des intervalles de temps 5 séparant les Instants
d'ouvertures du canal (c'est-A-dire les fermetures),
dolt étre exponentielle si ces Instants ont une
distribution poissonnienne. Pour un jour donné de
l'expérimentation on constate en effet que la droite
attendue est correctement établie pour 8§ supérieur
& une seconde environ (figure 8). On obtient 40 %
(xp %) d’événements liés & des instants d'arrivée
poissonniens et 60 % d'événements qui, & priori,
peuvent 8tre aftribués, d'une part, & des courtes
fermetures produites par des évanouissements et,
d'autre pan, & d'éventuels modes de propagation non
météoriques.La fermeture moyenne globale 3
mesurée est dvidemment plus faible que la fermeture

moyenne 8p des distributions exponentlelles. Pour
'ensemble de cette expérimentation, on obtient :

5=65s0c ; Bym=16s6c ot xp=45%

L'analyse des réponses temporelies
enregistrées pour la méme configuration de kaison,
permet d'interpréter ces résuitats. Les
évanouissements des réponses temporelies du canal
météorique produiront un ensemble douvertures et
de fermetures lorsque I8 niveau de ces réponses
fluctue autour du seuil de détection (figures 9 et 10). Il
existe également des réponses temporelics kées a un
mode de propagation par diffusion ionosphérique
(figure 11).
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Pour un enregistrement de 110 minutes de
la fonction de transfert du canal, la fonction de
répartition complémentaire des fermetures a ét6
construite pour différents-traitements des données :
(figure 12).

- La fonction de répartition pour les données
brutes est telle que 50 % des événements sont
poissonniens.

- La suppression des ouvertures liées & une
diffusion ionosphérique produit une légére
remontée de la droite de Poisson (57 %
d'événements polssonniens).

- On a enfin supprimé les fermetures dues aux
évanouissements  des réponses du canal
météorique. Les réponses lides & la diffusion
ionosphérique étant toujours supprimées, on
obtient une droite proche de celle due & un
phénoméne totalement poissonnien,

Il ast donc certain que les évanouissements
réduisent simultanément les durées moyennes
d'ouvertures et de fermetures par rapport aux valeurs
prévues par les modélisations classiques du canal
météorique.

Les distributions des ouvertures du canal
sont beaucoup plus difficiies & interpréter. Pour une
journée de notre expérimentation, la fonction de
répartition complémentaire des ouvertures
représentée figure 13 ne peut étra que trés
approximativement approchée par une distribution
exponentielle classiquement ulilisée dans les
simulations du canal météorique. En particulier la
probabilité d'obtenir des durédes d'ouvertures élevées
est notablement plus forte que celle fournie par une

lol exponentielle. WEITZEN (7] a donné des

interprétations physiques intéressantes sur les
distributions observées.

L'analyse des résultats de l'expérimentation
Chalet - Toulon, condult & des conclusions identiques
a4 colles de la liaison Cholet - Bonifaclo
précédemment examinée.

4.2 Lialsons courtes distances

On examinera tout d'abord les mesures des
stations de Brive, Cormeilles et Issoire pour lesquelles
les interprétations physiques des résultats sont
semblables. Les antennes étant placdes 2 3 m au
-dessus du sol, on observe, pour Cormsilles, une
signature diurne de la durée de service
caractéristique du canal météorique (figure 14) qui
n'est plus obtenue lorsqu'on éldve les antennes
au-dessus du sol.

e amn o a o e s ey 4

La valeur du pourcentage xp d'événements
poissonniens diminue lorsque 'on éléve les hauteurs
des antennes corrélativement avec l'accroissement de
la durée de service ds . Ce phénoméne est
clairement représenté figure 15 par des résultats
partiels des distributions de fermeture de ia liaison
Cholet — Cormeilles. La représentation de dsen
fonction de xp , pour les trois hauteurs de
l'expérimentation (3, 4 et 11,5 m), permet de filtrer les
modes de propagation présents (figure 16). Le
déplacement des points dans le plan (xp, ds) est
dd au mode de propagation par diffusion
troposphérique qui est favorisé par I'6lévation des
aériens. Les gains sur le bilan de liaison par diffusion
troposphérique par rapport a la configuration des
antennes placées & 3 m, sont respectivement de 6. et
22 dB pour les hauteurs de 4 et 11,5 m. On montre,
par simulation, que linfluence des hauteurs des
aériens sur la durée de service du canal météorique,
n'est pas en rapport avec les évolutions observées.
L'accroissement de la hauteur électrique des
antennes produite par faugmentation de la fréquence

(40 — 70 MHz) accroit la valeur de la composante

troposphérique du canal, contrairement a la
composante météorique qui décroit fortement .

L'interprétation des résultats de la station
de Brive est semblable & celle de Cormellles. La
composante du mode de propagation par diffusion
troposphérique devient trds falble pour Issoire
(363 km).

Pour la station de Poiters (107 km), la
diffusion troposphérique est dominante méme pour
des antennes placées & 3 m de hauteur. On peut
obtenir des durées de service supérieures & 50 % en
plagant les antennes a 11,5 m.

Une réponse temporelle due a la diffusion
troposphérique (figure 17) montre les ouvertures et les
fermetures Induites par le seuil de détection en
présence d'un évanouissement. Compte tenu de la
vitesse de cet évanouissement, on obtient des durées
moyennes d'ouverture comparables & celles du canal
météorique.

4.3 Analyse globale des
expérimentations principales

Lo tableau 5 résume ies principaux
résultats de ces expérimentations.

Pour les courtes distances la contribution
de la propagation par diffusion troposphérique est
négligeable pour les liaisons de Brive et Cormeilles
réalisées avec des antennes placées & 3 m au-dessus
du sol, ainsi que pour Issoire, avec des antennes
situées & 4 m de hauteur. Pour les autres
configurations courtes distances, la propagation
troposphérique, toujours présente dans nos
expérimentations, permet d'obtenir de meilleures
performances que celles dues au seul canal
météorique.
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L'évaiuation de la pente &p de la droite de
la distribution exponentielle montre que lintervalle
moyen entre météores se maintierit & 45 sec environ
lorsque la distance décroit de 310 & 100 km
{expérimentations réalisées durant les mois d'avril et
mai 1989).

Afin d'accroitre la fiabilité des liaisons
courtes distances, il est donc possible d'exploiter
simuitanément le canal météorique et le canal de
propagation par ditfusion troposphérique en utilisant
des mats tactiques de faibles hauteurs ( = 10 m). Les
valeurs minimales et maximales de la durée de
service moyenne du canal météorique sur une année,
pour toutes distances comprises entre 300 et
1 000 km, sont & priori représentées par les deux
configurations suivantes :

Cormeilies 3 m/sol

Avril 1989 - 310 km - ds 209%
Bonifacio 11,5 m/so0l
Septembre 1989 - 1029km —  ds= 4.1%

Les mois d'avrii et de septembre
correspondent en effet arx extrémums de f'activité
météorique annuselle (météores sporadiques).
Compta tenu du rapport attendu de ces fluctuations
(environ 3), on dolt conclure que la décroissance de
ds avec la distance est notablement plus faible que
celle prévue par les modales classiques de prévisions

{31, (8]. La valeur moyenne de la durde
d'ouverture du cana! météorique est comprise entre
250 et 300 ms quelis que soit la configuration de
haison. Les trainéss de longues durdes qui
déterminent un évanouissement du signal regu
produisent de courtes ouveriures qui diminuent
fortement la durée moyenne d'ouverure. Le
pourcentage d'dvénements non polssonniens
(100 - xp ) %, déterminés partieliement par ces
évanouissements est plus élevé aux moyennes
distances (~ 1000 km), qu'aux courles distances
{ ~ 300 km) (tableau 5). Cecl @st cohédrent avec le fait
que la probabilité d'dvanouissement est d'autant plus
forte, que les durdes d'ouvertures sort importantes.

S ANALYSE DES RESULTATS DES
EXPERIMENTATIONS COMPLEMEN-
IAIRES

Le tableau 6 fournit la durée de service ds ,
la durée d'ouverture moyenne ot la durée de
fermeture moyenne pour les différentes configura.lons
retenues.

L'utilisation des antennes log-périodiques
verticales placdes & 4 métres au-dessus du sol
(Cormeilles 310 km) détermine une faible valeur de la
durée de service (ds = 0,3 %). Ceci peut étre imputé
en partie a la réduction du gain due a lincidence
pseudo-brewstérienne ainsi qu'a la décroissance
rapide de ce gain pour des angles d'élévations
supéneurs a 50° (Figures 4).

7-7

Les pertes ds polarisation sans doute

notables pour cette distance [S] , sont difficilement
séparables des pertes dues aux gains des antennes.
La propagation par diffusion troposphérique permet
cependant d'obtenir de bonnes performances lorsque
les antennes sont élevées & 11,5 m au-dessus d.. sol.
Conformément aux prévisions théoriques, la
polarisation verticale fournit des performances
comparables A celles de la polarisation horizontale
pour Bonifacio (1023 km).

Pour cette derniére distance, une
expérimentation relativement longue (60 heures), a
été réalisée avec, en émission, une antenne formée
de deux dipdles horizontaux croisés alimentés en
quadrature et, en réception, une antenne log-
périodique  horizontale (0s = 1.9 %). Une diffusion
radioélectique omnidirectionnelle en azimut peut étre
obtenue avec cette station d'émission.

On notera enfin que paur une fréquence de
70 MHz, les performances demeurent excellentes
pour les courtes distances (composante
troposphérique) et se dégradent fortement pour les
distances moyennes (composante métdoriqus).

6 CONCLUSION

Les évanouissements des réponses
temporellas liées aux traindes ionisées agissent
fortement sur les paramétres moyens qui
caractérisent le canal météorique ainsi que sur les
distributions statistiques assocides A ces paramatres.
Bien que les dvénaments dus aux météores surdense
solent relativement peu nombreux, iis interviennent
notablement sur les distributions des ouveriures et
des fermetures. Ces différents phénomanes,non
correctement pris en compte dans les modélisations
classiques, détarminent les écans constatés entre les
mesures ot les prévisions. Les modélisations sont
cependant utiles pour définir les aériens d'un systame
de transmissions alnsi que certaines variations
paramétriques des performances du canal
météorique.

Actueilement les résultats fournis par ces
moddles doivent étre nécessairament corrigés et
complétés par les informations expérimentales
disponibles.
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STATIONS DE | HAUTEURS
RECEPTION ANTENNES ds T B o Xp
{m) % {ms) {ssc) (sec) %
POITIERS 3 11.8 260 2 46 42
3 0.9 263 28 48 59.7
BRIVE 4 1.7 209 12 33 328
11.5 22.1 225 0.8 25 1.9
3 0.9 253 29 45 67
CORMEILLES 4 1.9 219 1 45 28
11.5 22.2 186 0.7 10 2.4
4 1.8 248 14 25 57
ISSOIRE
11.5 1.3 211 16 52 38
TOULON 6.5 39 298 7.4 16 48
BONIFACIO 1.5 4.1 280 65 16 45

TABLEAU § - SYNTHESE DES RESULTATS DES EXPERIMENTATIONS PRINCIPALES

STATIONS DE| f CONFIGURATION ds T 5
RECEPTION MHz % 1 (ms) (sec)
LPV 4 m/sol 0.3 176 56
42
CORMEILLES LPV 11.5 m/sol 34 143 41
{310 km) LPH 3 nvsol 22 190 84
70
LPH 11.5 mysol 19.7 182 07
DIC 5 nvsol
BONIFACIO 42 19 240 12.7
LPH 5 nvsol
{1029 km)
LPV 11.5 m/sot 3.7 225 58
70 LPH 11.5 nvsol 08 190 23

TABLEAU 6 - SYNTHESE DES RESULTATS DES EXPERIMENTATIONS COMPLEMENTAIRES
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DISCUSSION

Paul S. CANNON

Has your modelling, and have your comparisons between data, taken at
different times of the year, allowed for the diurnal and annual variation in
noise level ?

AUTHOR’S REPLY

Le bruit externe n’a pas été enregistré durant l'expérimentation. Pour les
différents sites de réception nous avons cependant vérifié que le bruit
industriel n'était pas dominant. Les variations diurnes et annuelles du bruit
galactique peuvent effectivement biaiser légérement les résultats obtenus. La
modélisation du bruit galactique regu rr 'antenne de réception n’a pas été
réalisée.

M. DARNELL

I should like to confirm your results for short paths. We have been making
measurements over a 300 km path for 1 year at a frequency of 47TMHz. We
have found that, for all receiving antenna heights, troposcatter is dominant,
From a practical communications viewpoint, at short ranges, troposcatter
would seem to be more useful than meteor-burst.

C. GOUTELARD, FR

Les propagations par trainées météoriques et par diffusion troposphériques
sont facilement distinguées dans les expériences menées avec les radars par
rétrodiffusion. En effet, les échos des trainées sont parfaitement localisés
alors que les phénomenes de diffusion occupent des espaces notablement
plus étendus. On peut donc, dans ce cas, mener une étude simple. En
transmission on ne peut observer ces phénoménes et 'étude des distributions
proposée ici est une solution intéressante.
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ETUDES SPATIO-TEMPORELLE DES TRAINEES METEORIQUES

PAR RETRODIFFUSION
Space and time analysis of meteor trails using VHF backscatter

G. COURJAULT, B. PIEROT
Société NARDEUX
37600 LOCHES, FRANCE

C. GOUTELARD
Laboratoire d'Etudes des Transmissions Ionosphériques
Université de Paris-Sud
Avenue de Ja Division Leclerc
94230 CACHAN, FRANCE

I- INTRODUCTION

Les communications utilisant les
trainées lonisées créées par les météorites
suscitent un intérét permanent depuis les an-
nées 1950 durant lesquelles un premier sys-
téme a été proposé {1} [2]. D'autres expérimen-
tations ont été eflectuées dans les décénnies
1960 - 1970. - COMET, METEORFAX - qui
devaient fournir des résultats de grand intérét
[3] (4] et des systémes opérationnels comme
SNOTEL, AMBS, FEBA ont ¢t¢ implantés aux
Etats-Unis d'Amérique. En France l'étude
THEOREME |[5] et I'étude présentée dans ces
pages ont é&té suscitées par l'administration
militaire francaise.

En effet, bien que des systémes
atent été congus, il demeure des problémes
non résolus autour desquels de nombreuses
éludes ont été effectuées et sont toujours en
développement. Deux raisons principales sem-
blent finaliser ces études :

-L'intérét opérationnel de ces sys-
témes qui permettent d'établir des communi-
cations au deld de l'horizon avec de faibles
cotts et opérationnels méme en cas de conflit
nucléaire.

-La seconde raison, plus fondamen-
tale, tlent aux études quit peuvent &tre effec-
tuées sur les prchiémes d'lonisation par les
météores et la physique de la haute atmos-
phére ot les mouvements des particules
neutres peuvent &tre observés.

Les études eflectuées ont d'abord
porté sur la puissance transmise, la durée des
signaux et les lois d'apparition des trainées [6]
(7] 18] puls des analyses plus fines ont été ef-
fectuées pour caractériser les composantes
aléatoires des réponses [9] et I'influence des
fréquences utilisées {4]. Des modélisations,
basées souvent sur des études antérieures,
ont été proposées [10] {11] {12] rendant

compte des phénoménes princlpaux. Récem-
ment 1a prise en compte des effets de dépolari-
sation des ondes [13] [14] a été faite en vue,
notamment, d'accroitre l'efficacité des sys-
1émes. Avec le méme objectil I'évolution des
trainées est étudiée dans l'optique de réalisa-
tions de systémes adaptatifs {15] {16} [17].

Des études effectuées avec des ra-
dars dans la gamme VHF ont permis d'effec-
tuer des études de vents de particules neutres
dans la partic supéricure de la mésosphére
(18] {19} [20} [21}.

L'é¢tude décrite dans cet article
concerne une expérimentation effectuée avec
un radar utilisant des impulsions longues co-
dées dont le principe a été utilisé dans les son-
dages ionosphériques en rétrodiffusion [22].

Le systéme, fonctionnant en détec-
tion cohérente, permet d'étudier I'effet doppler
et de remonter une part du mécanisme de for-
mation de la trainée,

Le systéme réalisé pour cette expé-
rience est décrit et ses performances sout pré-
cisées. Un ensemble de mesures sélectionnées
sur plusleurs mols, effectué & deux fré-
quences différentes, avec les trois conflgura-
tions de polarisation possibles, sert de base de
données A une étude statistique. Elle confirme
des résultats connus sur les variations journa-
liéres, saisonniéres, de I'occurence des échos,
mais elle fait également apparaitre des résul-
tats nouveaux sur l'effet de polarisation, la du-
rée des échos et I'occurence de leur appari-
tion.

Une étude plus fine de la forme des
échos obtenus permet de donner une interpré-
tation en bon accord avec une théorie propo-
sée.

Le grand nombre de mesures traitées
donne aux résultats une validité des plus inié-
ressantes.

e bt
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Figure 1 Systéme radar VHF

Le systéme expérimental est représenté sur
la figure 1.

St Po est la puilssance disponible a
I'émission, la puissance Pr, reque est donnée

par la relation

PoGtGrAla 0

Pr=—lx) Ro

oi Gt, Gr :gain des antennesa I'émission
et la réception

: Surface radar équivalente

]

Ro : Distance de la trainée au systé-
me

A : Longueur d'onde

Soit Te la durée du signal émis. L'éner-
gle recue par mesure sera alors Wr = Pr Te.

Le rapport signal sur bruit aprés démo-
dulation est directement proportionnel A cette
énergie.

S _ W avec No: Densité spectrale
N No du bruit

a) Dans le cas d'un fonctionnement mo-
nostatique, les deux aériens peuvent étre
alors groupés (Gt = 2 Go = Gr) et &tre utilisés
alternativement pour I'émission puis pour la
réception.

Dans ce cas Tc =Tm < 1/2 Tm ot Tm
est la durée du cycle et I'énergie reque par
mesure Wrm vaut :

2142
Wm=o F04GO Ao

2
B @1y Ro? Tm ACE, @
E

¢ Terme correctif tenant compte des pertes
Ac dans le couplage des antennes ainsi que du
facteur de bruit F du module Tr.

b) Dans le cas bistatique, 1'émission est
continue. Tc = Tm. Les aériens sont dédiés a
I'émision on 3 la réception.

Go® 12 (4
Wib = -——-3—-—;—( 5 Ro &)

La comparaison de ces deux cas nous
conduit & considérer le rapport

Wrb
Wmm

=

F 1
r= # =], . = 4

La solution bistatique offre un bilan
énergétique toujours plus favorable (& < 1/2).
De plus elle a l'avantage d'une sensibilité indé-
pendante de la distance d'observation due A la
fenétre de réception.

C'est donc cette solution qul a été rete-
nue,

.2 LE SIGNAL

On a chotsi d'effectuer une modulation
de phase bipolaire par un code a4 enchaine-
ment dont la fonction de corrélation est a
pointe unique. Cette technlque est parfaite-
ment adaptée & I'émission continue et permet
d'obtenir le metlleur bilan énergétique en équi-
pant le récepteur d'un démodulateur syn-
chrone et d'un corrélateur numérique & deux
voles (réelle et imaginatre).

Les codes utilisés sont caractérisés
par:
La durée d'un moment du code ; Tr
Le nombre de moments : Nr = 2" -1
ne{4,5,6,7, 8}
La durée de la séquence : Tc = Nr.Tr.

Le gain de corrélation G : GZ=2"-1
i condition que la bande passante du
récepteur solt adaptée au code
(2B = 1/Tx).

e T AT




11.3. LIMITE DU SYSTEME BISTATIQUE

X Le couplage entre I'émetteur et le récep-

teur introduit deux principales limitations au
systéme.

a) Sur la sensibilité
b} Sur la dynamique

a)Le signal E a la sortie du démodula-
teur synchrone est : E(t) = B(t) + b(t) + s(t).

ol

B : Signal broutilleur provenant directe-
ment de I' émetteur.

b : Bruit supposé gaussien d'origine ga-
lactique, industrielle et électronique.

c : Signal utlle (écho).

De la compression {par le correlateur)
des différents signaux, résulte sur chacune
des deux voles (figure 2).

- Pour B(t) : Un signal périodique A(t) &
- pointe unique de gain de traitement G2

- Pour bft) : Un signal gaussien (Gg(t)

- Pour s{t) : Un signal périodique y(t) &
pointe unique de gain de traitement G2.

“Te

Figure 2

On prend alors le critére de détection sul-
vant:G s> B + (Gb + 10 dB) ou s, B et Gb re-
présentent les niveaux indiqués sur la figure
2.

le seull minimum de détection vaut
alors:

8-3

B 3.16
Smin = —— + 6 0=3,16G
G2 ¢

-81 le brouillage est fort, B>> ab, la sen-
sibilité du systéme est dégradée.

-Sinon, B << a b, Ja sensibilité du récep-
teur ne dépendra que du bruit ambiant.

Ces performances sont résumées dans
le Tableau 1 et les courbes de la Figure 3.

CODE DELONGUEUR| 15 | 31 | 63 | 127 | 255

L 4 5161718
B>ab smin(dB)| B-235 | B-30 | B-36 | b42 | B-48
o (dB) 2 |52 3] 34

B<ab smin(dB)| b-18 | b-5 { b-8 | b-11 | b-14

Tableau 1

b} Compte tenu de la qualité souhaitée
pour les mesures, aucun des étages ne doit
¢tre susceptible d'¢tre saturé, La dynamique
du systéme est limitée par la partie numéri-
que.

L'énumération des différents signaux se

présentant & l'entrée du convertisseur analogi-
que numérique conduit A 'équation.

Dynamique souhaitable du sysitme radar

- Signal mivi

() Dn=B+by, +Dsy, wf:;'"“‘,"

'\ dacter
Amplitude créte du bruit
Signal brouilleur
Dynamique du CAN
D’aprés (6) : s min = B . 316
: P G

Onprendrabmax=b +10dB= 3,16 b.

D’autre part, st on veut utiliser le corré-
lateur au niveau théorique de ses capacités, 1l
faut minimiser le bruit de quantification issu
de la conversion analogique numérique. s min
est alors quantifi€ sur 3 bits. Les courbes de la
figure 4 donnent la dynamique du systéme en
fonction du niveau B. (Pour Po = 1 KW, Dn =
512,B<ab).
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En conclusion, la faisabilité d'un radar
bistatique est fortement conditionnée par le
découplage entre 'émetieur (E) et le receteur

Pour cela, les deux stations ont été éloi-
gnées de 7 km. Chaque aérien est constitué
d'un mint réseau de deux antennes yagi 5 él¢-
ments séparées de 3 A/2 toutes paralléles (di-
rigées vers la zone du ciel & observer) et per-
pendiculaire & une ligne passant par les sta-
tions E et R, afln de conjuguer ia directivité
des antennes avec Ja mise en upposition de
phase des ondes, issues de chaque antenne,
dans l'axe E-R.

La précision de linstallation des an-
tennes 4 3 A/2 n'étant pas suffisante, le sys-
téme d' émission, comme celui de réception,
est spécialement construit pour accorder les
phases et les niveaux des signaux des deux
antennes. On atteint ainsi des découplages,
entre les deux stations, de l'ordre de - 160 dB
malgré la présence de trajets multiples et de
variations de propagations dans la journée,

c) Synchronisation des deux stations

Le calage des deux codes (le code émis et
la réplique du corrélateur) s'effectue en temps
réel. La visualisation sur un oscilloscope du
signal corrélé {voir figure 2) permet en "volant”
ou en ajoutant un moment du code réplique,
de déplacer la pointe de B(t) & l'origine des
temps (point de corrélation n°1).

Une synchronisation des stations a été
obtenue en asservissant les pilotes sur une
émisslon radiophonique (France-Inter) A l'aide
d'un systéme A verrouillage de phase, afin de
pouvoir garantir un déphasage constant entre
les deux pilotes.

11..4 -LE MATERIEL - SES PERFORMANCES

Les aériens décrits plus haut, sont
constitués d'antennes Yagl 5 éléments de
gain/isotrope de 10 dB, d'angle d'ouverture a
3 dB de lordre de 50°. Deux campagnes de
mesures & l'alde d'un petit avion ont permis
d'assurer la bonne assoclation des antennes
deux par deux. Nous avons pu également tra-
cer un certain nombre de diagrammes de
rayonnement des mini réseaux, des sites
émission et réception, aussi bien en élévation
qu'en azimut,

Quelques exemplaires de ces courbes
sont représentés figure 5.

L'¢metteur est constitué d'une partle
commune {alimentation, excitateur, synthése
de fréquence) et de deux chaines d'amplifica-
Hon restituant 500 Watts, sur chaque an-
tenne.
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Chacune des chaines d'amplification est
séparément asservie en puissance. Un dépha-
seur variable sur une voie permet de rattraper
les écarts de phase d'une chaine par rapport a
lautre.

La stabilité en puissance et en phase
sont respectivement inférieures 4 5% et 2°
aprés une heure de fonctfonnement.

La partie analogique du récepteur est
constituée de deux sous-ensembles :

-Une téte HF dont le but est de transpo-
ser le signal recu A une fréquence intermé-
diatre de 100 KHz.

-Un démodulateur synchrone restituant
la partie réelle et imaginaire du signal en
bande de base.

Le facteur de bruit de I'ensemble est de
7 dB. Le bruit galactique et industriel a été
mesuré a différents moments de la journée. 1l
culmine & 16 H entre - 156 ¢t - 145 dBm/Hz
pour décroitre 1a nuit et au petit matin jusqu'a
- 160/- 158 dBm/Hz [solt 14 4 16 dB au des-
sus du bruit thermique.

La partie numérique du systéme de ré-
ception se décompose en deux sousensembles:

a)Le corrélateur ou ensemble de traite-
ment numérique du signal est construit au-
tour de deux cartes calcul (pour les parties ré-
elles et imaginaires du signal). Une carte sé-
quenceur (AM 2910) assure leur gestion. La
conversion analogique-numérique de chacune
des voles est effectuée sur 10 bits signés, avec
des temps de conversion pouvant descendre
jusqu'a 5 ps. La fréquence d'horloge du corré-
lateur 1/t est de 5 MHz, 11 est capable de cal-
culer ne poluts de corrélation (ne = 16, 32, 64,
128, 256) en un temps:

T=(ne+2)pNrt

La durée Tr d'un moment du code est
un multiple entifer p (1 4 8} de la periode
d'échantillonnage Te. La longueur du cod: Nr
est ajustable (15, 31, 63, 127, 255) ’

La plupart des mesures ont été eﬂ':g\
tuées pour Nr=63, p=2, Tc=TrxNr= -
3,9816 ms, ne = 128, ce qui est le mellleur
compromis entre la fanétre en distance in-
stantanée dobservation (0 4 600 km) et le
nombre de mesures par seconde (250},

Ains{ la plage doppler instantanée
d'observation est :

tFd=t_Ll _ =+125Hz
2Te




Ce qui signifie qu'il sera possible de me-
surer des vitesses radtales jusqu'a :

i%’l—:issom/s

La 1ésolution en distance du radar est

AD = '-g-'re=4,74km

La largeur de bande du signal codé peut
étre réduite a 1/Tr., ce qui correspond A la
bande passante optimale du récepteur analo-
glque soit 16 kHz. C'est finalement un filtre de
20 kHz qui a été utilisé.

b)Un micro-ordinateur (HP 9836} relié au
corrélateur via une carte interface programme
le systéme et salsit les résultats des cartes cal-
culs & une cadence de 60 000 mots de 16 bits
par seconde. Le stockage sur disquette est ef-
fectué dés que la mémoire vive du calculateur
est remplie (cela représente entre 1/2 heure et
3 heures de mesures suivant I'importance du
nombre des échos).

Une carte supplémentaire (carte recon-
naisance de formes) améliore le critére dc dé-
tection des échos par une analyse du passé de
chaque point de corrélation: l'enregistrement
des données n'est autorisé que sl le dépasse-
ment du seutl d'un point de corrélation per-
siste sur plusieurs prises successives.

Le radar ainsi contitué permet d'observer
est échos de faible amplitude jusqu'a - 130
dBm dans les cas les plus favorables (lorsque
le bruit et le brouilleur sont faibles) mais pres-
que toujours jusqu'a - 120 dBm.,

La surface équivalente d'une trainée

sous-dense en rétrodiffusion est dcnnée par la
relation :

o=4dnr 212 q?

ot
Te = 2,8.10°15 m rayon effectif de I'électron

2L = Longueur de la premiére zone de
Frénel (m) =

q = densité linéique d'¢lectrons de la trai-
née (m-1)

De I'équation (1) on tire

3 Rad
o= Pr (4 x)° Ro
Po Go2 A2

Ainsi on peut estimer la sensibilité du ra-

dar:

R, km)| 200 | 300 | 400 | 500 | 600

om? | 6 | 310 | 1000 | 2500 | 5000

Lm | 750 | 900 | 1050 | 1200 | 1300

q 110712 121012 13101 {42401 | 540012
Tableau 2

I -RESULTATS

II.1.ANALYSE DES SIGNATURES DES
TRAINEES IONISEES DE METEORITES

Le traitement A postériori des données, &
l'aide d'un micro-ordinateur (PC AT/286),
nous a permis de tracer un certain nombre de
courbes caractéristiq::es.

-Variation du niveau en fonction du
temps A (t} (courbe module).

-Evolution de la phase du signal (Ml

(courbe doppler). dt
-Transformée de Fourier du signal
. FFT du signal complet (sur 512
points de mesure soit 2 ms)
. FFT glissantes ( sur 32 polints

soit 127 ms au pas de 16 Tc soit
63,7 ms).

-Analyse haute résolution du signal,

Quelques exemplaires typiques sont re-
présentés figures 6 4 8.
On distingue alors trois grandes classes

de signatures caractérisées par leur courbe de
module.

Classe 1 : {Figure 6) il y a apparition
brutale d'une région ionisée (trainée) et éva-
nouissement progressif sutvant la loi exponen-

tielle e/,



Ces trainées correspondent parfaitement
au modele des trainées sous denses (g : denst-
té linéique d'€lectron 2.1014 m'1), élaboré par
MMs. Mc Kinley (1961) et Sugar {(1964).

Dans ce cas
A 2

T=
321c: D

ou D est 1a constante de diffusion.

Classe 2 : (Figure 7)comme précédem-
ment il y a apparition brutale d'une région io-
nisée, puis le pouvoir de réflexion de cette per-
turbation varie trés peu {augmente ou diminue
faiblement) pendant un temps indéterminé,
pour enfin décroitre rapidement, ce qui carac-

térise une trainée sur-dense (q >2.1014m-1)

Classe 3 : (Figure 8) dans cette classe
sont regroupées les signatures particuliéres
traduisant I'existence de phénoménes plus
complexes. L'analyse des spectres de ces
échos met en évidence la présence de plu-
sieurs raies, créant ainsi des interférences.
L'origine de ces subdivisions semble étre cau-
sée, essentiellement, par un cisatllement de la
trainée par les vents violents des hautes alti-
tudes.

La plupart des études consacrées au su-
jet font généralement abstraction du temps
d'établissement des trainées jugé inutilisable a
cause des varlations trés grandes du doppler
ct de l'amplitude du signal recu. Cependant,
l'analyse de la phase de formation de la trai-
née nous a paru intéressante, car elle peut
¢tre susceptible de prévoir l'évolution de la
phase de persistance et donc d'évaluer la ca-
pacité du canal de transmission.

1I.1,1,Modélisation de la trainée

Les échos radars obtenus sur les trai-
nées lonisées créés par les météores permet-
tent d'interpréter, au moins partiellement, le
mécanisme de formation et le développement
de la trainée ainsi que le mouvement des par-
ticules neutres dans la haute atmosphére.

1II.1.1.a Modélisation du processus de per-
sistance de la trainée

Des relations relatives au développement
des trainées aprés leur formation ont été déve-
loppées par différents auteurs et on peut trou-
ver une excellente synthése dans l'article de
D.W. BROWNS et H.P. WILLIAMS {4] ainst que
dans celui de G.M. MILLMAN (8].
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Dans le cas particuller de la rétrodiffu-
sion, telle qu'elle existe dans les systémes ra-
dar, la premiére zone de Fresnel [8] (figure 9)
est donnée par la relation :

L= [ 11229 ]1I2

ol
L est la longueur de la demi-zone de
Fresnel

A lalongueur d'onde
Ro la distance minimale de la trajectotre
du météore au radar.

Dans le cas des trainées sous-denses,
qui constituent la majeure partie des trainées
observées, la puissance regue Pr, aprés forma-
tion de la trainée est liée 4 la puissance émise
Po par la relation ;,

Po 2

2 2
——=KG, G q° cos“p
Pt r-t Ro
- 8n2 ro?
exp( —7—) ©)
- 32 n2
exp( =327 D(t10))
otr

K (= 2,48.10-32 m2 ) est une constante
déduite des parameétres physiques
du processus de création de la trai-
née et de I'équation du radar.

ro le rayon initial de la trainée donnée
par la relation empirique [4]
log 10 ()= 0,035 h - 3,45.

D la constante de diffusion ambipo-
laire donnée par la relation empiri-
que {23}
log D (;2/s) = 0,067 h-56.

pu  langle entre les axes de polarisa-
tion supposées rectilignes aux an-
tennes d'émission et de réception.
t-to 2 %- t: le temps mesuré & partir de l'in-
stant ot le météore est a la dis-
tance Ro de I'émetteur et lorsqu'il a
traversé totalement la premiére
zone de Fresnel.
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Ces relations, comparées a celles va-
lables en laisons bistatiques, montrent que
les durées des trainées Te mesurées lorsque la
puissance regue est réduite dans le rapport
1/¢2 par rapport 4 sa valeur maximale et don-
née par:

a2 (10)
Tes ———m——
1672 D c052¢

sont notablement plus faibles en rétrodiffu-
slon qu'en transmissfon, d'une part & cause

du facteur cos? ¢ {cos? ¢ = 1 en rétrodiffuston,

cos? ¢ = 0,05 pour une liatson de 1000 km) et
d'autre part A cause de la réduction de la lon-
gueur de la premiére zone de Fresnel.

111.1.1.b Modélisation de Ia formation de Ia
trainée

L'é¢tude des trainées météoriques a l'alde
d'un radar permet d'observer la formation des
trainées, c'est-a-dire le développement de la
trainée lorsque le météore traverse la premiére
zone de Fresnel (voire les suivantes).

Si un mobile se déplace & une vitesse V
uniforme sur une trajectolre rectiligne (figure
10), l1a fréquence doppler mesurée par un ra-
dar s'exprime par :

Fd = Fd 4 sin [Arctg %’_ (t-ta)] (11
0

Fd max=2Vfo/c
fo: fréquence d'émission
¢: célérité de la lumiére

to: instant on le mohile passe ala dis-

tance Ro du radar.
Cette relation conduit directement a

Vr=Vsin [Arctg Y_(t-to)]  (12)
Ro

vitesse radiale de la cible.
L'accélération apparente de la cible :
dvr _ v? 1 cos [Arctg (—1- (t-t0)
= -o))J3
dt  Ro 1+V2(t10) Ro e
Ro?
L'angle ¢ sous lequel est vue la cible par

rapport & la normale a la trajectoire est don-
née par

o=Arg (= t-to) ) (14)

L'angle 29 max sous lequel elle est vue la
premiére zone de Fresnel est définie par (15).

PER

Figure 9 Géométrie d’'une prodiffusion

¢ Angle d'incidence

B Angle entre I'axe de la trainée et le plan de
propagation PER

Y Angle entre I'axe de Ia trainée et le plan
perpendiculaire & OP: OP' ou déviation spéculaire

/
I

1 T0ME NE FALSNDL

Figure 10

gPmax=L_ = V3 09

Ro 2Ro

A 53 MHz, pour un objet se déplacant &
25 km/s on obtient le tableau cl-dessous ot
Ty, : temps de traversée de la zone de Fres-

nel.
Au voisinage de la zone de Fresnel

? << 1rd. 2
donc Vr# 132% (t-to) (16)

avr 4 2
dt Ro

(17)

Ro (km) 200 | 300 | 400 | 500 | 600
L (m) 750 | 900 | 1050 | 1200 | 1300
@max (mnd) | 3,75 30 | 2621 24 2,15
Ty (ms) 60 72 84 96 104

Tableau 3
La vitesse radiale est une fonction lineal-
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re du temps, 'accélération est constante et ne
dépend que de deux paramétres dont 'un,
Ro, est directement accessible par la mesure.

Les hauteurs auxquelles apparaissent
les €hos sur les trainées jonisées suivent des
distributions sensiblement gaussienneg ggn-
trées sur une altitude h donnée par la rela-
tion {23].

h=-171ogF (MHz) + 124

A 53 MHz h =95 km et I'écart type de la
distribution est de I'ordre de 3 km. Un mé-
téore produit un écho sf la premiére zone de
Fresnel de sa trajectoire est totalement ou
partiellement dans la zone d'activité définte
précédemment. On peut distinguer 3 types de
trajectolres (Fig. 11) selon que la premiére
zone de Fresnel est totalement contenue dans
la zone d'activité (trajectoire 1) ou que seul le
début (trajectoire 2) ou la fin (trajectofre 3) se
trouve dans cette zone.

En orlentant I'axe Mol dans le sens de la
trajectoire, un élément di de la trainée crée
un signal recu par le radar dE{t) que l'on cal-
cule en prenant compte l'ionisation Initiale, la
diffusion ambipolaire et la propagation de
T'onde.

dE(t) = B exp (-t'/texp (-121;1_21
0
exp (jwo (t - -%9))} 1 (9

ou

B={otor /22 exp (4x2202) = q @)
n r

r = distance de l'élément dl au radar
r #Ro

re = rayon effecti{ de I'électron

q = densité inéique de la trainée sup-
posée comnstante pendant la tra-
versée de la zone d'activité,

To= D est la constante de

32r°D  diffusion

t=t-to+ly

-~
It H

I'abeisse sur la trajectolre avec
origine sur la normale a la trajec-
toire.

En négligeant les variations de exp (-
t'/1)lors de la traversée de la demi zone de
Fresnel et en appelant a la valeur moyenne de

ce terme : ) 23)
dE() = Ba exp{ JZL_) |ijdL.exp (-jo 0 (tRo/y)
L RoA
pour 2 <l<o

B RoAa (22)

E(t)e sin {=-(1- ‘—25 )]
2n TV

explj [oo - B2 7 @ .‘57 3

La phase instantanée vaut alors :

(23)
Ro n 2
=0 (t- ==)- 5= (- Jiﬂ

oo 1 dp) v
dodfd= —d‘fl’i--mo ]m (24)

La vitesse apparente vaut donc

2
vae IV Vo)

2Ro 2Ro

soitVa= YL

(25)

1l apparait donc que la vitesse apparente
est comprise entre Vr (trace totalement per-
sistante), et 2Vr (absence de persistance).

II1.1.1.c Forme des échos

Compte-tenu des relations (11) {12) {22)
(25) la forme des échos peut étre déterminée
et l'allure générale est celle représentée sur la
figure 12,

1one dractivite

du nefeor

de fresnel

Figure 11

Dans la phase de formation de la trai-
née, 'amplitude croit (relation 22) et la vitesse
apparente mesurée sur la fréquence doppler
instanlanée décroit linéairement (formule 16).

La vitesse du météore se déduit de la vi-
tesse apparente par la relation

V= [2Ro-ga‘-’t—a~] 12
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Un calcul stmple donne angle v (fig. 11)
qui pemet de déterminer les types de trajec-
tofre 1, 2 ou 3. SI V 5py est la vitesse moyen-

nee de la phase de formation, alors

2V am

lro G112
t

v

Dans la phase de persistance de la trainé
la vitesse apparente est celle du vent de parti-
cules neutres. Lorsque les vents de cisaille-
ment apparaissent, cette trace, comme le
montre les résultats expérimentaux fait appa-
raitre des composantes spectrales multiples.

1I1.1,1.d Résultats expérimentaux

Trols types de résultats sont présentés
sur les figures 6, 7 et 8.

La figure 6 donne la signature d'une trai-
née sous-dense détectée A une distance de 171
km. On peut noter l'allure caractéristique de la
variation d'amplitude et de la vitesse appa-
rente en bon accord avec le modéle propo-

sé.Les mesures de et de V am donnent

V =45 km/s et y = 1,7 mrd, valeurs que cons-
olident les estimations classiques. Dans la
phase de persistance, la trainée est déplacée
par un vent de particules neutres de vitesse 20
m/s. L'image haute résolution montre l'exis-
tence d'une seule raie.

Les figures 7 donnent une représentation
semblable pour une trainée sur-dense détectée
A une distance de 275 km. Les calculs identi-
ques aux précédents donnent V=43 km/s , y
= 6 mrd. La persistance de la trainée montre
I'absence de composante radiale de vent.
L'analyse spectrale et I'analyse haute résolu-
tion montrent I'évolution de l'effet doppler qut
met clalrement en évidence les phases de for-
mation et de persistance.

Les figures 8 montrent un cas plus com-
plexe d'une signature obtenue en présence de
deux composantes de vents neutres, 4 une
distance de détection de 398 km. La phass de
formation donne V = 51 km/s et y =3 mrd.
L'analyse spectrale et l'analyse haute résolu-
tlon montrent l'évolution rapide du doppler
dans la phase de formation et dans la phase
de persistance I'exitence de deux raies qui tra-
duisent la présence de deux composantes ra-
diales du vent.

Arpliude

Vam)

Figure 12

HO1.2. ANALYSE STATISTIQUE DES
TRAINES IONISEES DE METEORES

L'ensemble des expérimentations est ré-
capitulée dans le tableau 4. Elles représentent
au total 139 heures de mesure et l'enregistre-
ment de plus de 11000 trainées.

On sait que le nombre N des trainées
détectées dépend de la sensibilité S du récep-
teur ainsi que de la nature de ces trainées,

Pour les trainées sous-denses
2 inld_ -1y owy . S-]/?.

AV us ] PR\ Bl
Pour les trainées sur-denses
{3>2.10M4m'1) :NeS?2

ou S est le seuil de détection exprimé en
watt.

En pratique, le systéme ne faisant pas
la distinction entre les deux types de trainées

N«S /2,

¥ variera entre - 1 et - 4 en fonction de
la proportion de trainées sous-denses.

Par extension, on peut exprimer Dc, le
taux d'ouverture du circult {c'est-a-dire le rap-
port du temps d'utilisation du canal au temps
d'observation) :

De « § y1/2
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Figure 12(a) Nombre de trainées
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- Les courbes de la figure 15 montrent la
variation du temps d'ouverture du canal en
fonction des seuils de détection. On remarque
trés nettement que pour des seutils faibles
(-120 dBm & - 105 dBm) la proportion de trai-
nées sous-denses est importante. Le calcul de
vl donne des valeurs proches de - 1,7. Par
contre, lorsque le seuil est important, yd aug-
mente: pour un seuil S de - 95 dBm, wd vaut
- 4. La proportion de trainées sur-denses est
alors proche de 100%.

II1.2.a Répartition journalidre et saison-
nidre

Les variations saisonniéres apparaissent
en conformité avec les observations faites par
le passé : maximum en Aodt, minimurn en Fé-
vrier.

Les graphismes (figures 10 4 13) donnent
les variations journaliéres pour différentes sai-
sons (respectivement Aotut et Septembre 1989
ainsi que Février et Avril 1990),

Les cycles journaliers apparaissent, dans
leur ensemble, conformes & ceux signalés par
divers auteurs (David W. BROWN 1985, Lloyd
VANCIL 1984). On distingue un maximum
d'activité vers 6 H du matin et un minimum a
18 H (heure du soletl).

Cependant les variations de ces cycles en
fonction des salsons montrent des fluctua-
tions:

- Lorsque l'acttvité moyenne diminue, les
variations journaliéres sont moins importantes
{tableau 5).

- Superposé a cette actlvité moyenne ap-
parait une forte concentration de trainées trés
localisées dans le temps (date et heure) corres-
pondant A des plules de météores, répertoriées
dans la littérature. Ainsl au mols d'Aoiit, en
pleine période des Perséldes, le taux d'ouver-
ture du circuit et multipli¢ par 3,5 4 9 H. Ce-
pendant, on peut noter au mois d'Avril une ac-
tivité importante entre 8 H et 15 H avec un
maximum a 10 / 11 H, alors qu'aucune plule
de météores importante n'est connue. Les va-
riations importantes et inattendues du taux
d'ouverture (rapport 4) et du nombre de trai-
nées (rapport 3) ne sont donc pas expliquées.

Le tableau 6 représente les variations
d'un certain nombre de paramétres significa-
tifs en fonction de I'heure pour différentes sé-
ries de mesures dans 'année.( Pour S = - 115
dB)et une durée minimale des échos de 100
ms).
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N :le nombre de trainées par heure
Dc : le taux d' ouverture du circuit en%o

Pm : la puissance moyene détectée fW

T et W, les deux exposants décrits plus
haut

A prior, il ne semble pas y avoir une re-
lation simple entre l'activité météorique et l'ex-
posant yd ou n, c'est-a-dire de la proportion
de trainées sous-denses par rapport aux sur-
denses. On remarque que les perturbations du
mois d'Aott et d'Avril ne sont pas de méme na-
ture: pour des seulls S inférieurs & - 110 dBm
v est trés faible au mois d'Aodt (- 0,95) par
contre, il est important au mois d'Avril (- 2).
Ainsi, la puissance moyenne recue au mois
d‘Avril varie peu (rapport 3), contrairement au
mois d'Aotit (rapport 36 1),

1I1.2.b Influence de la polarisation

Le tableau 7 (N et Dc sont donnés pour
S = -115 dB et une durée des échos > 100 ms)
montre que la polarisation horizontale est net-
tement plus favorable, conformément aux obs-
ervations effectuées par d'autres auteurs [13].

1 et 7 sont plus faibles en polarisation
horizontale, le rapport d'efficacité entre les
deux polarisations s'accentue donc avec l'ang-
mentation du seull de détection.

L'accroissement de la surface radar équl-
valente en p»larisation horizontale repousse
donc le seui de détection des trainées sous-
denses vers des niveaux supérieurs, ce qui
contribue A diminuer yn et d.

Les résultats des expériences en polari-
sation croisée montrent le faible effet de d4po-
larisation.

Les tableaux 8 récapitulent les mesures
effectuées au mols d'Avril pour différentes po-
larisations, différents seuils de détection et dif-
férentes durées d'¢chos:

- Le nombre N de trainées en %

- Le taux d'ouverture Dc en %o
- Le temps d'attente entre deux météores

en minutes.
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1IL.2.c Influence de 1a fréquence

L'expression des constantes de temps de
1a lol de décroissance exponentielle des échos

(t et 1), donne pour les deux fréquences de
travail

17'=23,5 ms 4 40 MHz
T = 18,5ms a 53 MHz.

Les graphiques (14) représentent la ré-
partition des trainées de classe 1 en fonction

de leur pente Pe = AT {variation de leur du-
rée / variation du seuil de détection).

On constate alors, que la courbe passe
par un maximum entre 7 et 8 ms/dB & 53
MHz, et entre 8 et 9 ms/dB 4 40 MHz. Si on
tient compte du temps de montée des échos
(de I'ordre de 3 ms/dB) on retrouve :

Pe'# 5,5 ms/dB soit v # 24 ms

Pe #4,5ms/dB soit © # 20 ms.

D'autre part, les tableaux 9 montrent
qu'll y a un rapport m = 3,3 sur le nombre de
trainées, et un rapport rd = 3,9 sur le taux
d'ouverture du circult (pour unseull § = - 115
dBr)n. et une durée minimale des échos de 100
ms).

S1on exprime Dc en fonction de tet de N
Dcx Nt

dans ce cas rd =l1— n

L'expérience nous donne v' / v # 1,2 et
I‘d / rn = 1,18.

Le rapport des énergles regues est de rm
= 4,2 (tableau 9). rm comme rd est de l'ordre

de (—%:) 5 =39 (\étant la longueur d'ordre &
53 MHz et A' 4 40 MHz).

Tous ces résultats monirent une trés
bonne cohérence entre résultats expérimen-
taux et les relations actuellement admises.

Le calcul de m et wd ( tableau 9 ) pour
des seuils faibles, montre que la proportion
de trainées sous-denses est plus importante a

40 Hz,ce qui explique d'une part que rm > rd
et d'autre part que I'écart d'efficacité du sys-
téme s'accroit avec le seull S (comme le
montre les tableaux 10).

11.2.d Influence de l'ordentation

Les mesures effectuées a I'ouest dans les
mémes conditions que celles faites a l'est et
dans un intervalle de temps assez court n'ont
pas montré de variation sensible. Ce résultat
vérifié en dehors des pluies de météores est en
bon accord avec l'hypothése d'isotropie des
flux de météores isolés.

CONCLUSION

L'étude présentée dans cette communi-
cation a été menée avec un systéme expéri-
mental sensible qui a permis de collectionner
plus de 11000 signatures de trainées météorl-
ques et d'eflfectuer une étude fine grace a des
analyses cohérentes.

Les phases de formation et de pesis-
tance des trainées ont pu &tre séparées et
Jeur analyse a fourni des Informations sur
leur vitesse, leur orentation et les mouve-
ments des particules neutres en haute alti-
tude.

Une étude statistique, confirmant les ré-
sultats publiés par différents auteurs, a four-
ni des complémentaires sur la répartition des
trainées, les proportions des trainées sur-
denscs et sous-denses et sur les temps d'uti-
lisatlon du canal en rétrodiffusion.

Ces résultats apportent une mellleure
compréhension des phénoménes et consti-
tuent une étape dans l'approche de la
conception de systémes opérationnels, I'un
des objectifs ultime de ces études.
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Mesures en Rétrodiffusion

Dates Polarisation | Orientation Fréquence
10/08 - 13/08/39 Verticale 110° Est 53 MHz
01/09 - 07/09/89 Verticale 110° Est 53 MHz
18/10 - 23/10/89 Verticaie 110® Est 53 MHz

25/10/89 Horizontale 110* Est 53 MHz
02/11/89 Verticale 110° Est 53 MHz
07/11 - 09/11/89 Verticale 70° Ouest 53 MHz
01/12 - 11/12/89 Verticale 110° Est 40 MHz
20/02 - 08/03/90 Verticale 134® Ouest 53 MHz
10/04 - 17/04/90 Verticale 46° Est 53 MHz
18/04 - 23/04/90 Croisée 46* Est 53 MHz
26/04 - 02/05/90 Horizontale 46° Est 53 MHz
Tableau 4

Rapport d'activité météorique entre 6h et 18h (heure du soleil)

Nombre Rapport Taux Rapport

de trainées d' ouverture

moyen par moyen (Dc)

heure (N}
Adut * 70 6,6 10 9,5
Septembrq 30 4 3 6,3
Mars 20 2,5 2,5 2
Avril* 15 2 2,5 1

Tableau 5

Variation de I'activité météorique en fonction de 'heure

N Dc Pm m Yd
Avril
[5haldh 7,5 0,64 18,5 - 1,5 - 1,5
iShalsh 29,5 2,88 52,5 - 5,5 - 1,7
10 h 40 4,27 62 -1,5 -2
Aolit
16ha2vh 12,5 1,79 34,5 - 1,5 - L5
5ha 8h 47,5 7,08 184 - 1,5 - 1,5
9h 66 25,03 1267 - 0,8 - 0,95
Septembre
10ha2uh 14,5 4,28 17 - 1,5 1,3
Jha 5h b1 7,38 104 - 1,2
Tableau 6

Coraparaison entr@ un sondage en polarisation vetticale et horizontale
{mesures effectuées entre 8h et 12h)

N Dc Pm Y Yy
Octobre Verticale 12,5 1,15 13 - 1,9 -2
Horizontald 21 2,52 83 -1,2 -12
Rapport 1,47 2,19 &7
Avril  Verticale 30,5 2,92 52,5 - 1,5 -1,8
Horizontald 54,5 5,33 159 - 1,2 - 1,3
Rappoct 1,8 1,8 3,08
Tableau 7

Comparaison entre un sondage a 53 MHz et 40 MHz

[P NPT TP SR




Temps d'attente '

Temps d'ouverture
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%e Nombre de traflnées %

f >~126dBm|{>~11SdBm i >~116dBm | >~165d6m | >~186dBm | >~9SdEBm | >-96dEm
8.3° 16610.4° S4%(1.2” 25713.1/ 16%]18.9° 3% 35 8’ 1%
t>6me 9.887%. 3.76%., 1.46%, 8.56%., 8.14%, 617,
8.8" 36x12.87 15415.27 &% |13,9° "24155.6" 1%
t>108ms |8.18%. 2_’\.9 4o’ 11864 8.38%. » Lo 0.80%.
2.37 13415.27 S/ |17.3’ Z4141.77 1%4|2.1H
£>250ms 16.19%.  12.86%, 18,722, 18.25%, 18.86%.
5.8/ &% 115.2/ 2/4138.5’ 1%4183.4°
t>seemsi4.84%., [1.454. 16.53%. [8.i7%4. [6.824.
10.4° 3%|27.8” 17%162.47
ti1s 3.88%, 11,124, [8.41%. [e.e4%.
25.0/ 1%171.5°
1>2s 2.32%4. 8,697 8,874,
NOMBRE_TOTAL DES ECHOS ;1769
DUREECTOTALE DES FESURES'7%8 1 20 mn 42 «
POLARISATION VERTICALE
>-120cBm>-115dBm[>~110dBm | >-185cBm|>~188dBm [ >-PSdBm | >-P8dBm
1.27 100(2.727 46%(9.87 14% 55 .97 1%
toems l1.85/4, 18.89%. 18.17%. 81z,
5.97 24%(12.5 wmo 17 3%
t>108ms {1,474,  |0,.52%, i34 8.81%,
13,17 9%[28.6/ 4%|2.8H 1%
t>2%0ms 1,174, 18.41%. (8.89%. 18.81%.
23.1’ /150,17 2/413.3H 1%
t>580ms |8.97%. 8,334, [8.87%.
37.57 3%4(2.5H 1%
tols 8.27%.7 18,1947 |e.e3x.
2.5H 1%
ty2s 2.352. |e.e7x.
NOMBRE_TOTAL DES ECHOS :519
DUREE TOTALE DES MESURES : 10 H 1 mn 4 s
POLARISATION CROISEE
>~1208¢Bm|>-115dBm|>~110dBm|>~1850Bm {>~188dBm | >~9S5dBm | >~96dBm
8,27 10018,37 &3418.,47 337|1.4 18413.8 24 |7.4° 3% 421' 14
trems |14, 39z. 6.72%4, |3 124, |1.3%%, |8.51%. |8.154,
8,57 ao/|1.1’ 19%12,2° 9% (8.2’ A% (11,8’ 2/ 31 &/ 1%
ty188ms (12,22%.0 |5.33%. . 12,414, |0.984. |6,374, 092, “le.01x%,
1. 4' 15/ 370’ 7% (6.5 34 |14.87 24|25.2° 14
ty25ems 19,29% 3.85%. 1.sez. 3.7:'/.. 8.2%, "le.02x.
3,47 &4 |7.2¢ 3% [13.3/ 2/[28.07 1%
t)580ms [6.78%.  |2.7%%4.  |1.24%.7 |8.49%. " [8.04%,
§:4., 3% [14.85 1% 4z.1’ 1412.1H
tis 5.2 G 1E091%, e sz, 3.:47..
14,87 24143,1°
t>2s 3,274, 10.59%. [8.1%%, |
NOMBRE_TOTAL DES ECHOS 11217
DUREE TOTALE DES MESURES : 4 H 12 mn 32 &
POLARISATION HORIZONTALE
Tableaux 8
N De Pm Y Yy
53 MHz 126} 1,15 13 - 1,9 -2,0
40 MHz 27 a3l 76 - 1,5 - 1,9
Rapport 3,3 3,9

Tableau 9
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Temps d'attente ' Temps d'ouverture %  Nombre de trainées %
>-120dBm|>~115dBm|{>-110dBm{>~165dBm|>-10684Bm| >-954Bm |>-96dBm
6.3’ 100/6.4’ 77z2]6.8° 372{2.4' 13z£|6.8° 42 |56.8" 1z
t>Oms In.OSz. 5.60x. 2.61%. 8.72x. 0.22%. |©.64%.
0.7' 45z|1.4° 212]3.2° 162{16.0° 2x2{3?7.3' 1z
t>1606ms §9.24%. 4.48%. 1.57x. 8.51%. 8,17x. 0.63x.
2.1° 152]3.6° 9« [11.2' 3x}28.0' 1x2]37.3* 1z
t>256ms §6.812. 13.382. |[1.012. [6.44%. [0.17x.
4.3 ?7 18.6' 4z |18.6° 2x2|37.3’ 1z
t>500ms |5.56% ., 2.507. 0,79x. 0.40%,
fe.6' 42 |16.0° 2«
tris 4.627, 1.692. 0.36x. 9.21x.
22.3" 12]55.9° 12
t>2s 2.26%. |0.74%.
40 MHz
>=126dBm|>~1151Bn]>-116dBm}|>-105dBu{>~1004Bm|>~95dBm |>-904Bm
16.5° 100]1.3° 41x]3.4° 16x}12.2" 42]33.0' 2x|3.94
t>oms J4.847%, |1.477. |0.44%. ]0.142, |6.04x. [6.002. |6.004.
1.5° 35%]4.7° 112]14.9° 4x2[46.2°' 12{%92.5° iz
t>100ms§4.012. j1.152. }O.31z, [e.11z. }0.04x.
3.6° 152}11.8° S#iS1.4" 1%|1.94
t>256msf13.022. [0.824. ]O.17x. |0.e7x. ]0.62%.
9.0° 62 [27.2' 2x2]2.6M
t>500ms §2.04%. 0.57«. 0.1, 0.042.
22.8' 27#]1.94
tris 1.342. |0.22%2. |0.652. [6.64x.
77.0° 1z
t>2s |e.597..
53 MHz

Tableaux 10
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EXPERIMENTAL
OF METEOR BURST

9-1

INVESTIGATION
FOOTPRINTS

ty
M. Rich, P. Heilman, M. Murray, B. Yetso
SRI International
333 Ravenswood Avenue
Menlo Park, California 94025
United States

1.0 SUMMARY. Meteor Burst Communications
(MBC) provides reliable, beyond-line-of-sight data
communications, but some serious throughput
limitations are associated with the technology. One
limitatica is the finite waiting time required to send
a messags, This waiting time can be reduced by
increasing the excess link margin, but this
increases the cost and complexity of an MBC
system. However, because of the limited footprint of
a meteor trail, the waiting time for a system of
networked stations can be reduced by spreading the
stations over multiple footprints, For example, an
array with station spacings of 50 km demoastrated
less than one-tenth the waiting time of a single link,
SRI Intcrnational of Menlo Park, California,
designed and operated an MBC array in the north-
central United States to study meteor burst spatial
diversity. This pa‘ﬁ:: describss the effects of spatial
diversity on link ughput and describes
preliminary observations of signal footprint size
and shape.

2.0 INTRODUCTION. The throughput and
waiting time of an MBC system: can be improved by
using the spatial diversity of a communications
network. MBC systems use a single
"master” station to communicate with numerous
“remote” stations. If these remote stations are
emplaced sufficiently far apart to insure that they
receive signals from different meteor trails, and if
these remote stations are provided with some
continuous channel to other remote stations, the
network of remote stations will appear to have
multiple parallel communication channels to the
master station. The number of parallel channels is
the diversity of the system and is related to both the
size of the array and the size of the meteor burst
signal footprint.

To incorporate spatial diversity into the design of
an MBC syster, the size of the signal footprint
must be known. SRI International was contracted
by GE Aerospace and Defense to design und operate
an experiment to characterize the meteor scatter
footprint and the effects of link orientation,
polarization, and distance on footprint size and
shape. SR designed and operated a system for five
months between December 1988 and April 1989,
Numerous test configurations were used
throughout the test and over 600 Mbytes of burst
data were collected. Following completion of the
test program, SRI developed softiware to analyze the
footprint charscteristics. This paper presents a
preliminary analysis of the data collected on two
links with a 625-mile range. The primary goal of
this preliminary effort was to develop and test the
analyais techniques. The secondary guals were to
determine the amount of diurnal variation in the
diversity results and the influence of the mixture of
underdense and overdense trails on the footprint
size,

3.0 THEORETICAL JUSTIFICATION. Meteor
Burst Communications (MBC) is based on the
reflection of signals from an jonized meteor trail to
obtain propagation beyond the horizon. The nature
of the reflecting surface causes the energy to be
preferentially scattered to a particular area. This

instantaneous signal "footprint" consists of a two-
dimensional distribution of reflected power and is
confined to a region where the received power level
is sufficient for transferring data. Individual
footprints vary in shape but are theoretically
bounded by spherical cuts to a coric section,
commonly described as asymmetric
"boomerangs" [1).

The size and shape of the footprint depend on a
number of factors, including carrier frequency,
meteor radiant, transmitter power level, trail
electron line density, path length, ambient noise
level, and signal polarization. Footprint size and
shape are statistical in nature because meteor
radiants and trail electron line densities are
statistical phenomena.

Using more than one receiver in an
interconnected receiving systera can improve the
throughput of an MBC system. The assumption is
that any signal received by at least one receiver is
thon received by all, hecause of connectivity by
means other than meteor propagation, The time to
achieve this connectivity is significantly less than
the time to receive a message over the meteor
communications system, For example, if all
receivers are situated in a single footprint, they can
be considered one receiver by the meteor system,
and no throughput improvement is achieved. If,
instead, all receivers are in different footprints,
each received message is independent and the
throughput is increased by a factor equal to the
number of receivers. A typical system will emplace
receivers somewhere between these extremes.

cant difficulties srise in measuring an

explicit footprint shape for communications
:i:taml planning, use of the variations in

pe and size, measurement of an individual
footprint does not provide in enough information to
dientam?ine :in or ulveme foot; x-in't‘.1 Also,
since footprints represent large, complex shapes
and are seldom aligned with a grid of measuring
receivers, dotailed measurement requires a large,
finely graded array.

One ap})roach to measuring the expected or
average footprint is to use a time average of the
power received at individual receivers within an
array. w have boen performed to simulate
the scal at various link distances by
using statisti distributed mateor radiants.
Regults included a two-dimensional probability of
intercept density function based on the probability of
successful message reception at a ’Keint some
distance from a central recciver. expected
footprint lies within the 50% probability boundary of
m&& oo 'be 200 ;,'3‘ il mdemt?"zsb“

region to iles wide by 50 to
100 miles long. Additionally, the conditional
mfy between adjacent footprints was 30 to

Given a statistically large number of meteor
events that are “well aligned" with the receiver
grid, the expected footprint is somewhat easier to
measure than the individual footprints. Raw data
are analyzed to determine the probability of
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accurate and complete signal reception at each site,
presuppoging that the central receiver (reference
point) correctly accepted the message. A fine
spacing of receivers is required where the change
rate of probability with respect to distance is large
(near the center). A more coarse spacing can be
used in the fringes of the receiver array, where the
derivative is smaller. The array must be at least as
large as the required footprint, and preferably twice
its size, to determine the conditional dependence of
adjacent footyrints.

Diversity Calculation. The existence of spatial
diversity is due to the finite extent of a meteor-
scattered gignal on the ground. Spatial diversity for
a network of interconnected receivers, then, is given
by the ratio of the number of independent signals
received by all the array to the number of signals
received by a "standard” receiver,

There eve two ways to calculate spatial diversity.
First, sinve diversity is caused by a limited footprint
area, diversity can be measured by the number of
footprints that cover a network of receivers.
Adjacent footprints must overlap, because
theoretical footprints are infinitely large, having no
sharp edges and decreasing with distance from the
center. The amount of overlap determines the
conditional probability of coincidence between
adjacent footprints. To calculate diversity based on
the number of footprints necessary to cover a
network of receivers, the size of the receiver
network, the size of the footprint, and the amount of
footprint overlap or conditional probability between
adjacent footprints must be known.

A second method of spatial diversity calculation
realizes that increased network diversity causes an
increase in the number of signals received by the
network in a given time interval. A diversity factor
can be calculated as the ratio of the number of
signals received by the array to the number of
signals received by an array element (the
"standard" receiver). The number of signals
received by an array element could be

*  Average number of signals received by all sites
in the array

¢ Number of signals received at a single site

* Number of signals received by a small, compact
group of sites,

The average number of signals received by the
array is not an accurate reference if the expected
number of signals received at each site varies
significantly, as occurs if the size of the array is a
significant fraction of the distance from the
transmitter to the array. The case of a single site as
the array element is not generally a good reference,
because the diversity calculation is too dependent on
the performance or proper operation of this single
site. Thus by choosing a small, compact group of
sites as the array element of reference, spatial
diversity is most accurately determined.

An increase in network diversity decreases the
waiting time to inject a8 message into the network.
Once the diversity is known, along with the
required confidence factor and adjacent footprint
conditional probabilivy, the wait-time reduction
factor can be calculated.

The distribution of .ueteor trails is a statistical
counting problem. The average number of trails
detected per unit time is determined by the link
design and the excess power available beyond that
required to close the link. The waiting time is
distributed exponentially, because the messages
arrive according to a Poisson process. For a given

link and a specified amount of time, a message will
be received with some confidence probability; for a
higher level of confidence, more time is required.
From queueing theory, [3] the relationship betwee
wait time at confidence P (WTp), throughput, and
message length is
Xthroughput)
(message length) ~ In (1-P) @
With Event 1 (Eq) as the recrution of a message by
a receiver in Footprint 1, and Eve.{ 2 (Eg) as the
reception of a message by a receiver "n an adjacent
footprint, Footprint 2, the probability of receptic ¥ .
either receiver is
P(E} or E2) = P(E}) + P(Ep) - P(Ej and E) , (2)

where P(E1 or Ep) is the conditional dependence
between adjacent footprints, P(E1) and P(E9) are the
single link probabilities, and P(E1 and E3) is the
confidence for a 2-diverse system having P(E})
single-link confidence. Since the N-diverse
confidence is the reliability design parameter, P(E1)
must be calculated and used for single-link
simulation and evaluation. P(E1) will always be
less than the N-diverse confidence when the
conditional dependence is less than 1.,
Extrapolating to an N-diverse system shows

PN
PX’N=N-(N-I)PX . 18)]

where P N is the required single-link confidence,
Py is the confidence for a network with diversity N,
and Py is the adjacent footprint conditional
dependence,

For Py less than 1, Px N will be less than PN and
the wait time calculated in Eq. (1) will be reduced.
For an N-diverse network, the confidence P in
Eq. (1) is PX N. If WTp 1 is the wait time for a
single link and W'l‘p,N is the wait time for an
N-diverse network, the waiting time improvement
factor, f(N), for an N-diverse network with constant
throughput can be defined as

(WTp.N
fIN) = W . “4)

Combing Eq. (1) and Eq. (4) to determine the waiting
time reduction factor given tho single link and
network confidence factors results in

ln(l'Px u)
N = ©

with Py N and PN related by Eq. (3). A plot of
waiting time improvement factor as a function of
level of diversity is shown in Figurs 1.
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FIGURE 1 EFFiCT OF SPATIAL DIVERSITY ON WAITING TIME
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4.0 EXPERIMENT DESCRIPTION. To determine
the sputial diversity of a networked array, SRI
International installed 2 meteor burst receiver
array centered in Lewistown, Montana. The array
consisted of 33 receivers located in concentric
hexagons about the central site: 4 receivers were in
a 5-mile radius from the center, 6 receivers at 15
miles, 6 receivers at 30 miles, 12 receivers at 60
miles, and 4 receivers at 100 miles from the array
central receiver, Figure 2 is a geographical
approximation of the site locations. (Rings are
numbered sequentislly, not all sites are shown)

s MONTANA, USA

(R X LYY
Sedulaabun
MLES

FIGURE2 SPATIAL DIVERSITY RECEIVER ARRAY
(Central Montana)

Installed at each array site was a two-channel
horizontal receiver and a two-channel verticai
receiver. Frequency A (48.8568 MHz) and Frequency
C (46.959 MHz) corresponded to the vertical
receiver's Channels 1 and 2, respactively,
Frequency B (46.759 MHz) and Frequency D
(48.758 MHz) .orresponded to the horizontal
receiver's Channels 1 and 3, respectively, The
rectiver bandwidth was 9 kHz, and the receiver
system normally used horizontaily and vertically
polarized antennas with gains of 5.3 dBi and 4.5
dBi, respectively.

The receivers had 256 kbytes of on-board memory,
providing three to ten days of data logging
depending on the system configuration and meteor
activity. They had an operational battery life of
approximately ten days. ASCII data were
downloaded every three to seven days from each of
the 33 receiver sites and stored on 3.5-in. floppy
diskettes. The data were later transferred to
5.25-in, diskettes, 9-track tape, and 8-mm tape
cartridges for analysis using an MS-DOS personal
computer. A total of 62 days of valid data were
collected throughout the experiment, which was
:l)gf;rmed from 4 December 1988 through 7 April

The experiment consisted of four major test
configurations. A total of four 500-W transmitters
were used: one pair moving west-to-east from the
center of the array, und the second pair moving
north-to-south from the center of the array. Each
pair of tranamitters operated with two Yagi
antennas (11 dBi of gain), one vertically polarized
and one horizontally polsrized. The antennas were
mounted on 20-ft carbon masts for the first three
tests and a 45-ft steel foldover tower for the last test.
For the first test, the two transmitter pairs were
colocated in Tekoa, Washington, 400 miles to the
west of the central receiver site, Afte: this test, the
transmitters were configured for simultaneous
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north-to-south and east-to-west test operation, from
sites 175, 400, and 625 miles from the center of the
array. A fifth transmitter was located on Judith
Peak, near Lewistown, Montana. This transmitter
ensured the accuracy of the receiver time-keeping
equipment by broadeasting a 2-s burst from the
center of the array twice per hour.

Each 100-bit transmitted message comprised a
60-bit header, 32-bit transmit time code indicating
time of transmission, and an 8-bit cyclical
redundancy checksum (CRC). The correlation
receiver allowed message detection at & 5.2-dB
signal-to-noise ratio, with a message false-alarm
probability of 10-7. The 100-bit, FSK-modulated
transmit signal was broadcast every 40 ms using a
baud rate of 2.6 kbps. The system logged the signal
power and correlation level every 40 ms during the
burst and logged calibration data (ambient noise
Level, temperature, and battery voltage) twice per

our.

5.0 INDIVIDUAL SITE ANALYSBIS, The data
collected at each receiver site provided a chronology
of the meteor events and receiver noise
measurements since the previous data collection.
Data processing began on the field data by filtering
out erroneous data caused by an improper CRC,
abnormal background noise, or data collection
problems. Regression analysis was performed on
the data to correct transmitter timebase problems,
to correct for drift in the receiver clocks, and to
determine the arrival time of bursts without
mes numbers, This initial phase of processing
fr“xth daily logs of meteor arrival times and
engths,

The intent of this experiment was to study the
meteor trail, a physical process, rather than the
communications resulting from the trail
occurrence, an artificial process influenced by the
equipment and experimental design parameters.
Two induced problems were readily apmnt.
First, the data collected by the receiver had a
duration based on a signal power level measured in
the receiver. The threshold level was inconsistent
throughout the array, thus, the burst duration was
corrected by analyzing the received signal-to-noise
ratio. Background noise was measured I:!y the
calibration system every half hour, The duration of
a burst was defined as the signal power sufficient to
provide fewer than 9 bit errors in the §68-bit header of
each message. Second, typical mateor burst
communication systems exhibit multipath fading of
the received signal. Fading is caused by a variety of
natural phanomena perturbing the meteor trail.
Data analysis was needed to join signal events that
seemed to be caused by individual trails because
such fades would indicats more and shorter trails
than actually occurred. Thus, the next step in the
data processing ence was to identify and
]eliminato multipath fading effects from the meteor
ogs.

To analysze the signal fades, & histogram of the
fade durations was crested. We hypothesized that
gzo o ﬁmﬂwmmhi.chm e pting

istory: , W] we were attem;
to remove, and the random time between
succesdive metoor trails. As theqs two processes
have greaily different means, they will appear as
two different slopes in the histogram. The sample

j illustrated in Figure 3 cloarly shows two
different distributicns. To seprate multipath
fading gaps from frue meteor arrival gaps, gap
statistics from one whole day were gathered and the
first 50 points were fitted to & power curve (ymAxb),
From the slope of the curve, the cumulative 90%
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FIGURE 3 HISTOGRAM OF FADE LENGTHS
(DAY 081, FREQUENCY C)

point was determined; i.e., the gap size that 90% of
the gaps were less than. The 9¢% values ranged
from 0.704 s t0 4.216 5. Figure 3 shows a 90% point
of 1.94 5. We averaged the 90% values from six
days, representing the various test configurations,
to obtain a value of 1.6 8. Gaps of 1.6 s or less in the
meteor log files were considered to be multipath
fading from a single trail and werse joined. Gaps
greater than 1.6 s were considered separate meteor
trails This gap size was chosen as 8 good tradeoff
between joining too many independent trails and
breaking too many trails into multiple events.

Once the field data were corrected for time errors,
duraticn errors, and signal fades, the meteor log
files were assembled and processed in 4-hr blocks
synchronous with Greenwich Mean Time (GMT).
This process involved counting the number of trails
of length greater than or equal to 40, 120, and
200 ms. Site data were recorded for all four receiver
channels. An average number of trails detected by
an individual site was calculated, ignoring any
sites that were not operating.

Event Coincidence. The next step in the data
processing sequence was to correlate the meteor
events between the various sites within the array.
Al linked list of site data was formed and
searched for independent trails, Independent trails
were identified by finding gaps in time, which
marked the boundary from one meteor trail to the
next. For each 4-hr period, the number of
independent trails seen by the array, excluding the
100-mile sites, was tabulated. (The 100-mile sites
were only used for footprint evaluation, and not for
diversity calculations, because of their sparse
positioning.) The diversity of the array was
calculated by dividing the number of independent
trails seen by the entire array by the average
number of trails detected by individual receivers
within the array. Diversities of 8 to 12 were typical.

Additional processing was performed to refine the
diversity measurement. Meteor reflections have
historically been categorized in two ways, as
reflections from underdeuse trails or as reflections
from overdense trails. Each type of reflection has
different scattering characteristics and therefore
different footprint sizes. The data set was divided
into overdense and underdense categories to allow
separate analysis of these two trail types,

Underdense trails are defined as trails whose
ionization density is low enough to allow an
incident signal to pass through the trail without
major perturbation [2}. Scattering occurs from the
individual electrons, and the scattered signal is
very coherent. The good coherency allows the
signal to be evenly spread in space, creating a
moderate-sized footprint without major fades.

Overdense trails have a suffiaently high density of
electrons to reflect the incident signal from a large
scattering surface. Signals reflecting from
different parts of the surface can combine
destructively at some locations. The large reflection
surface and greater reflected power cause the
signal to be scattered over a large area, with fades
in some regions of the footprint. The large
ionization density also causes the trail to last
longer, as the trail duration depends on diffusion of
the ionized particles. Upper atmosphere winds
cause the trail to break up and drift across the
receiver array, creating dynamic footprint effects.
Even though the signal from an overdense trail is
only correlated over a small area and many fade
cells exist, there are many areas of correlation and
these areas move throughout the trail lifetime.
Thus, an overdense trail becomes a large-area
effect, having a much larger footprint over its
lifetime than does an underdense trail.

An accurate mode! of a networked MBC system
would have to take the two types of scattering into
account because the footprints from underdense
and overdense trails differ greatly . Similarly,
design of networked MBC systems will have to
consider the mix of underdense and overdense
trails, depending on the link design. To determine
a raix of these two trail types in our test links, a
procedure to separate signals from the two types of
trails was developed.

Two methods of dividing the data into overdense
and underdense sets were investigated. The more
obvious approach was to divide the trails based on
trail duration. However, our plots of trail duration
contained no clues as to how to differentiate
overdense and underdense trails. Many factors can
influence the duration of the trail besides the
ionization density; e.g., trail orientation, fade
parameters, trail location with reaspect to the
receiving array, and the receiving equipment. An
alternate approach was to divide the data based on
the number of sites that detected a given trail. We
called this the visibility of the trail, We considered
the visibility of a trail to be a better measure of the
trail ionization density than trail duration because
the signal footprint is determined by the scattering
process. However, if the signal footprint could be
used to divide the signal records into underdense
and overdense data sets, the resulting histogram of
trail durations could be used as a verification of the
accuracy of the set division,

The visibility of a trail was analyzed in three ways.

The first and simplest was to look at the number of
sites that received signal energy at each 40-ms time
sample without regard to trail boundaries. This
individual visibility measurement heavily weighted
the longer trails, because the longer trails have
more samples. However, this technique was not a
good measure of the coverage area of individual
trails. The second method, instantaneous visibility,
countt:: %\: maximum number of :::a that
together detected signal energy at the same time
during a trail's duration. This was a better
measure of the coverage of an individual trail, but
only at a single point in time, and it ignored any
trail drift effects. The third ique, total
visibility, counted the number of sites detecting trail
energy throughout a trail's duration, providing a
measurement of the total, rather than
instantaneous, coverage of the trail, Histograms of
the total visibility of the trails showed greater
dispersion of the overdense trails and enabled &
more accurate divigion of the underdense and
overdense data sets.
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Histogram data used to determine the division
between underdense and overdense events were
based on the central site, the 30-mile sites, and the
60-mile sites only. These sites represented a
regular hexagonal array without the bias of the
additional short-range sites. The histograms
showed two slopes that converged between four- and
five-site detection of the meteor trail. Figure 4
shows histograms of total visibility for two 4-hr
periods. The two slopes are related to the variance
in gite coverage probability. The underdense trails,
having a smaller footprint than the overdense
trails, can be seen in the histogram region showing
detection by one to four sites, Overdense trails
produce the slope for detection by five and more
gites,
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FIGURE 4 TOTAL VISIBILITY HISTOGRAM
(FREQUENCY C, 1600-2000 GMT)

The data files were reassembled and the linked
list was pruned of overdense trails based on total
visibility by more than four sites. Underdense
diversities, visibility histograms, and trail duration
histograms were recalculated for each 4-hr data
block:. This process then was repeated
appropriately to prune underdense trails from the
liniug list. As expected, the burst duration
histograms indicated that most of the underdense
activity was confined to the shorter trails. Most of
the longer trails seen in the underdense category
were trails that illuminated only the edges of the
test array. Typically, less than 5% of the trails in
the underdense ca exceeded 3 s in duration,
and less than 10% of the trails in the overdense
category were less than 1 s in duration.

Footprint Sizing. Another calculation made
d the event coincidence ing was used
to evaluate the actual size and shaps of the average
footprint. We have previously defined the footprint
as & probability distribution surface; for example,
WWQ_JW.Qﬁpdatmmt .
away a signal-detecting “reference receiver.
We used the five central receivers as our reference,
and considersd a reference signal to be a signal
detected at any of thase sites. For each site in the
array (including the 100-mile sites), we estimsted a
conditional signa! detection probability, BIA. The
BiA probability at each site was the ratio of the

- i

number of signals that both the site in question and
the reference site detected to the total number of
signals detected at the reference site.

The extensive footprint analysis presented herein
is based on data from Julian Days 077 through 083,
when the receiver array was performing most
efficiently. One transmitter pair was located 625
miles south of the array, and the second
transmitter pair was located 625 miles east of the
array. First, the receiver array was divided into six
60° segments, with each receiver site allocated to
one of the six segments. Each sogment contained
between four and six sites. The B1A probabilities
for each site were averaged over the six days. A
logarithmic curve was fit to a plot of the resulting
data points as a function of distance from the center
of the array. Analysis involved detarmining the m
and b parameters of the exponential curve of
regression of the form y=bh*mx for each sector.
Five distances corresponding to probabilities of 10%,
25%, 50%, 75% and 90% were interpolated from
each curve. From these parameters, five footprints
were determined for three conditions: underdense
meteor trails, overdense meteor trails, and
uns:gmtad data containing hoth underdense and
overdense trails. The foctprint surface was plotted
by curve fitting the five probability points in each
sector.

The d .ta for the horizontally polarized south-to-
north link was used to evaluate the footprint
shapes, Figure 5 depicts footprints for composite
overdense and underdense meteor events. The plot
uses a linear scale, with two concentric circles
indicating 10- and 30-mile distances from the center
of the array. The 90% probability footprint is closest
to the center of the array, while the 10% probability
is farthest from the center of the array. True north
is along the 0° axis. Figure 8 dﬁ[‘)ictl ootprints for
overdense meteor trails only. The plot uses a linear
scale, with two concentric circles indicating 40- and
80-mile dietances from the center of the array.
Figure 7 shows footprints for underdense meteor
treils only. The logarithmic-compressed scale for
the underdense footprints corresponds to 100-, 10-,
1-, and 0.1-mile distances.

FIGURE § FOOTPRINTS FOR COMPOSITE OVERDENSE
AND UNDERDENSE METEOR TRAILS (F4,
DAYS 077-082)
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FIGURE 6 FOOTPRINTS FOR OVERDENSE METEOR
TRAILS (F4, DAYS 077-082)

FIGURE7 FOOTPRINTS FOR UNDERDENSE METEOR
TRAILS (F4, DAYS 073-082)

6.0 OBSERVATIONS. The data analysis for this
paper is based on six days near the end of the test,
when the transmitte: &. were located 625 miles from
center of the receiver array, Data analysis
concentrated on the south-to-north link because of
equipment problems with the east-to-west link
discovered during data processing, Diversity was
analyzed for all frequencies and all time blocks in
this interval. An average footprint analysis was
performed on all frequencies during thig interval,
but the footprint surface was only determined for
the south-to-north horizontally polarized link.
Selected individual trails were also reviewed. Our
intent was to develop data analysis techniques that
could be used to analyze all the data. These six days
represented some of the most consistent data
collected and the most common link configuration.
Further processing, when time and resources
permit, will complete the analysis for the
remaining data.

Data for each 4-hr time block were averaged over
the six days. Table 1 summarizes overdense and
underdense event diversity, listing, for veriically
and horizontally polarized links, the average
number of trails detected at each site, the number of
independent trails detected at each site, and the
diversity of the array. Time plots of the south-te-

Table 1
UNDERDENSE AND OVERDENSE BURST
DIVERSITY

B AT debasd ot G v %I 72 N

Time | Average |Independent] Array
Block Trails Trails Diversity !
(GMT) |Detected /| Detected by : )
Site the Arra -
INKS 1, i
Otod | 913 %5 115 v
4t08 763 866 115 .
8to012 156.2 1606 104 N
2116 | 1758 1836 105 ;‘
16t0 20 1429 1631 114 ¥
201024 735 841 115 3
ATy % |
TOLARIZED TINKS ] ;
Oto4 23.1 264 114
4108 45.7 549 120
8012 929 1088 117
121016 105.9 1243 11.9
161020 84.0 1063 126
20t024 484 a08 125
Average 12.0

north array diversity are shown in Figure 8. The
4-hr diversity ranged from 10.3 to 11.5 for the
vertically polarized link, and from 11.3 to 12.9 for
the horizontally polarized link. The vertically
polarized link showed 1.6 times the individual site
activity of the horizontal link, but this was
determined to be predominantly a frequency effact,
as the vertical link was operating 1.8 MHz below the
horizontal link. (The east-to-west link, with the
frequencies reversed, showed the opposite effect.)
Horizontal link diversity was typically 10% higher
than that of the vertical link, This difference held
for both link directions and did not seem ta be a
frequency effect.
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FIGURE 8 AVERAGE SPATIAL DIVERSITY

The receiving array wag designed to accurately
determine the extent of the footprint without an
excessive number of sites. If we sized the array
correctly, the diversity should be approximately half
the number of receivers in the array. This ratio
would provide an average of two receivers in each
signal footprint. Of the 33 receivers in the array, 19
were in a regular hexagonal pattern. Although
this number of receivers is sufficient for
determining the diversity, a slightly smaller and
more regular interstitial spacing would have
yielded more accurate results.




As expected, a great deal of diurnal variation
occurred in the number of bursts at a site: Peak
interval activity was about 5.5 times the quiet
interval activity. Weak diurnal activity was detected
in the diversity calculation. Figure 9 shows a
diurnal peak for both site activity and array
diversity. The diversity spectrum also shows a
harmonic of the diurnal peak. Diversity and
diurnal variations were analyzed further by
dividing the trails into underdense and overdense
sets. The diurnal variation in the ratio of
underdense to overdense trails would imply that the
two types of trails had different formation
processes, suggesting a diurnal variation to the
ar.cay diversity.
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FIGURE 9 COMPARISON OF AVERAGE NUMBER OF
BURSTS AND DIVERSITY

Tables 2 and 3 summarize diversity for
underdense and overdense events, respectively,
listing, for vertically and horizsontally polarized
links, the average number of trails detected at each
site, the number of independent trails detected by
the array, and the diversity of the array. Array
diversity is strongly influenced by the underdense
meteor trails, For the south-to-north link, there
were 6.6 times as many underdense trails as
overdense trails for the vertically polarized link,
and 5.3 times as many for the horizontally polarized
link. However, because of the greater duration of
the overdense trails, the ratio of total undsrdense
trail duration to total overdense trail duration was
less: 3.1 on the vertically polerixzed link and 4.4 on
the horizontally polarized link. The diurnal
variation of the ratio of number of trails was
imperceptible, discounting the existence of separate
formation processes, while the ratio of total trail
duration showed significant variation. The ratio of
total underdense trail duration to total overdense
trail duration was greatest in the afternoon, when
trail activity is at a minimum. The variation in
total trail duration is probablgemﬂated by the small
number of overdense trails identified during these
intervals. The ratio of underdense to overdense
trail diversity was 6.8 for the vertically polarized
link and 7.2 for the horizontally polarized link. The
ratio of independent events is nearly the same for
the horizontally and the vertically ized links:
37.9 and 39.3, respectively. While the lack of
diurnal variation in these data yields little insight
into the formation of trails, it greatly simplifies the
data processing, enabling extraction of effects based
on frequency, link orientation, and signal
polarization and improving the overall quality of the
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results. Part of the reason that a large volume of
data was collected was because diurnal variations
were considered a possibility. In particular, the
limited diurnal variation in the diversity enabled us
to combine the probability data, thereby improving

our estimate of the footprint size.
Table 2
UNDERDENSE EVENT DIVERSITY
[ TSme | Average | Independent | Array
Block | Trails Trails Diversity
(GMT) | Detected | Detected by
004 — BT 36 181
4108 66.5 847 128
8t012 1316 1566 119
12t016 1460 1780 123
161020 1163 1583 137
Dt 24 618 815 133
Average 12.8
nbﬁmsmm "POLARIZED LINKS__|
Otod 188 5 135
4t08 384 533 138
81012 79.0 1060 134
12t16 86.6 1170 135
161020 68.8 1033 150
0to2A4 40.3 52 148
Average 14.0
Table 3
OVERDENSE EVENT DIVERSITY
[ Mime [ Average | Independent| Array |
Block | Trails Trails Diversity
04 50 1} Y|
4t08 9.8 19 20
8t012 260 50 198
1216 303 56 18
161020 211 ® 18
WA 118 b} 22
Average 1.9
'uéﬁmm POLARIZED LINKS |
Otod 43 9 19
4t08 74 B 2.1
8t012 142 p ] 20
12018 196 x 19
161020 153 a 20
toMH 82 by 20
Average 2.0

The diversity evaluations generated a single
numerical representation of the footprint size. This
representation is a weak function of the
performance at any individual site. The footprint
area analysis depends strongly on site locations and
mdmduni site operations, because the footprint
area evaluation required the calculation of 30 plot
points. Prior to plotting the footprints, the
underlying data were analysed to find trends that
supported the footprint size and shape hypothesis.
The data with the best fit to the logarithmic
approximation curve were in the sectors with the
greatest dispersion of reseiver sites. As anticipated,
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the south-to-north link generally had more
dispersion of signal energy in the north and south
sectors than did the east-to-west link. The corollary
was true for the east-to-west link. This energy
distribution is not as well demonstrated in the
logarithmic polar plots used for the underdense
trail footprint. The log radial scale was used to
provide more definition to the central probability
rings. Few sites had conditional probabilities in
excess of 0.5; therefore, the probability curves
greater than 0.5 have less confidence than those
below 0.5. The use of a master site consisting of
multiple central sites reduced the sensitivity of the
calculation to a single site yet increased the
dispersion of the probability surface. Data
previously processed with a single master site
showed both greater conditional probabilities near
the center of the array and smaller conditional
probabilities near the array edges.

The area of the regular array was 10,221 square
miles. The average diversity of the south-to-north
horizontally polarized link was 12. The average
footprint area, based on the diversity, was the ratio
of these two, or 852 square miles. In defining the
footprint size on the basis of the footprint plots, the
basic problem is defining the appropriate
conditional probability. On the logarithmic plots,
the conditional probability rings are roughly
circular. If we expect a footprint size of 852 square
miles, a circular footprint radius would be
16.5 miles, corresponding to 20% conditional
probability on the underdense and combined
footprints, and to 65% probability on the overdense
footprints. These values imply that the footprint
surfaces are slightly smaller than the diversity
calculations would indicate. There are two reasons
for this. First, the use of multiple sites as a master
site greatly increased the number of trail detections
attributed to the master site, since a large portion of
the trails detected by the array are seen by only one
site. This reduced the conditional probabilities for
all sites, including those sites used as part of the
master site group, and therefore reduced the size of
the footprint. Second, calculation of conditional
probabilities was based on instantaneous
coincidence rather than trail coincidence.
Therefore, sites that detected a trail non-
coincidentally with the maater gite were not
included in the conditional set, thereby reducing the
conditional probabilities and the footprint size.
Together, these two factors increased the dispersion
of the probabilities and probably made the footprints
appear smaller and move circular than expected.

The goal of the data analysis to date has been to
study the dominant influences on meteor burst
spatial diversity 8o as to describe a first-order model
of the meteor burst signal footprint. The data will
allow study of numerous secondary effects when
time and resources permit. Once all the data are
processed consistently, we plan to decorrelate the
effects of signal frequency, polarization, and link
orientation with the magnetic field. The effects of
signal frequency on diversity may be too weak to
identify because of the closely spaced frequencies
used in this test. The present data seem to indicate
a 10% greater diversity for the horizontally
polarized signals, but the influence of link
orientation is too weak an effect to identify with the
data analysis we have completed to date. The data
collected at other link distances will be processed to
determine the influence of link range on footprint
size. And while we have identified little diurnal
variation of footprint sixe or trail density makeup at
the 626-mile link range, we will continue this
investigation with the remaining data.
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Further data analysis will be performed to study
dynamic influences on diversity. Two dynamic
processes seem to be present in the data but have
not been quantified: the effects of trail formation
and trail drift. By timing the leading edge of the
detected bursts at the various array sites, we have
identified a leading edge velocity of approximately
200 km/s, or roughly twice the expected trail
formation speed. During longer bursts, we detected ¢
a much slower and wider area propagation at :
approximately the speed of the neutral winds
(26 m/s). The array temporal sampling rate was
40 ms/sample, and the spatial sampling ranged
from 4.2 to 334 km, with typical spacing of 60 km.
Typical overdense trails crossed a portion of the
array in 10 to 20 time samples, a sufficient amount
to characterize the direction and speed of the trail.
Future work will include development of data
analysis techniques to characterize the velocities of
these dynamic effects as well as to quantify the
effects of these trangient phenomena on array
diversity.
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EIGENVECTOR WEIGHTING AS AN ADAPTIVE ARRAY
INTERFERENCE CANCELLATION TECHNIQUE

R.W. Jenkins and K.W. Moreland
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SUMMARY

Adaptive antenna techniques normally make
use of known properties of the desired signal, such
as its direction or an embedded code, to distinguish it
from interference. When this I¢ not possible,
algorithms such as power ratio inversion or Gram-
Schmidt are used. These techniques tend to invert
the relative powers of signals arriving at the array,
and thus are effective when the interference is
substantially stronger than the desired signal.
However, when signal levels are close, such
techniques fail. This paper presents analytic and
modelling studies of the eigenvector weighting
technique. It is shown that this technique performs
substantially better than power ratio inversion
techniques. Like the powaer ratio Inversion methods,
eigenvector weighting is most effective when there
is a large separation in signal powers. However,
even when the signals are close in power,
satisfactory cancellation can be achieved with
eigenvector weighting for a large fraction of cases.
The actual performance depends on array geometry
and number of elements.

INTRODUCTION

In a crowded, possibly hostile, radio environ-
ment, communication is threatened by interference
due to other users or enemy jammers. Many-user
nets require a means of discriminating between
concurrent users.  Adaptive antenna arrays provide
spatial discrimination against interference, and a
means of separating the signals from multiple users
in a net. These arrays normally employ techniques
which use known features of a desired signal, such as
a predetermined embedded code or a known direction,
in order to distinguish it from other signals.

Predetermined identification techniques are nit
appropriate for some communications signals.
Strategies which may be used in such cases include
the power ratio inversion algorithm [1} and the
Gram-Schmidt orthogonalization approach {2]. These
techniques tend to invert the relative powers of
signals incident on the array, yielding a desired
signal at the output which is as much above the co-
channel interference level as its input counterpart is
below the interference.

Eigenvaector weighting has been proposed as a
means of separating independent incident signals (3],
Using eigenvectors of the covariance matrix of the
input signals as weights to transform the array
inputs ylelds a set of uncorrelated output signals.
This lack of correlation is a property also of the
independent incident signals, and it has been
suggested that the output signals produced by
eigenvector transformation consist mainly of the
independent incident signals. There is a fallacy in
this reasoning. There exist linear combinations of
the incident signals which are uncorrelated There
are also other transformations such as Gram-
Schmidt orthogonalization which cause the outputs to
be uncorrelated. Nonetheless, modelling and
simulation studies [3,4] indicate good performance
for the eigenvector technique when the signals of
interest are well separated in power.

This paper presents analytic and modeliing
studies of the eigenvector technique. lts perform-
ance relative to power ratio inversion is considsred.

SIGNAL FORMULATION

A complex baseband formulation is used in this

analysis. Column vectors are indicated by ~,
matrices, by boid type, and the complex conjugate,
transpose, and conjugate transpose operations, by '
T, and H, respectively.

Consider m independent signals with baseband
time dependence sj(), j=1,m, incident on an
n-element array. Let gjj be the complex gain of the
ith element of the array to the jth signal. The
resultant signal at element i is given by

m
xi= X 19isi + o )

where n;j is the noise present on the ith channel. The

array response vecior §j to the jth signa! is defined
as

gj=[91). 925, leT 2
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and the n x m array respcnse matrix G to the
collection of signals, is likewise defined as

911.-81j-91m
G=| git - Gij-- Gim |=[§1. 82, - - Gm] (3
gn1 .- 9nj-- Snm

Using the array response matrix, (1) can be
expressed in vector form as

X=G§ + 1, where (4)

% = {1, %2, - xn]", § = [61, 52, - - ml', and
fi = [ny, ng, - -, nn]T are the array input, signal,
and noise vectors respectively.

>

The covariance matrix R of the input signals is
given by
<x1x1’> ex1x2’> . <xixp’>

» * *
X2Xx1 > X . <X2X ~ a
= | <xext’> <xaxa'> L<xaxn’> | | soH

<XpX{'> <Xpx2'> .. <XnXp'>
(8)
where < > represents the statistical average, which
is approximated in practice by a time average. The
input signals sj, j=1,m and channel noise signals n;,
1=1,n are assumed o be independent and thus non-

correlating. Using (4) and (5), the covariance
matrix can be wrilten as

R=-GPGH + N (6)
Pit0o..0
where P = 0P2..0 is the matrix of the
0 0. Pn
N1 0.0
signal powers Pj = <sjsj'>, and N = O N2 .0' '
0 0 . Np

the matrix of the channel noise powers N = <nin;’ >.
In the subsequent analysis, the noise power is
assumad to be independent of channel number, so that
N may be written

N = o2l )

where | is the n x n identity matrix, and o 1s the
noise power per channel. Aithough the noise level
may not be constant between channels in practice,
this introduces little error provided the noise levels
are much lower than the signal levels of interest.

EIGENVECTOR SEPARATION TECHNIQUE

In the eigenvector separation technique the
eigenvectors of the covariance matrix R are used as
weight vectors to transform the array input signals

vector X into an output vector y. If the technique is
successful the components of § should consist
primarily ot the separated independent signals sj.
The interference cancellation problem is then reduced

to selecting the output channel which contains the
desired signal.

Since R is a covariance matrix, it is
Hermitian, its eigenvalues are real and non-negative,
and its eigenvectors orthegonal (5). Define

E=[&81,62, .. &n) as the matrix whose column

vectors are the normalized eigenvectors &j of R,
ordered according to the size of their corresponding
eigenvalues Aj, from largest to smallest. As ihe

eigenvectors &; are normalized and orthogonal, E is a
unitary matrix.

The eigenvector equation can be written
RE = EA (8)

where A is the diagonal matnx whose ith diagonal
element is the eigenvalue A corresponding to the

eigenvector @j. Since EH € for unitary matrices,
premultiplying both sides of (8) by EM ylelds

EHRE . ©)

The eigenvectors are used as weights to
transform the array input signals vector X,

yi=&" %, or y=EH% (10)

where ¥ ={yq, y2, - - y,,]T 18 the vector of
output signais. From equation 9 the covariance
matrix R' of the output signals is the diagonal matrix
of the aigenvalues,

R« > = EH<E3>E « EHRE =a (1)
Equation 11 implies that the use of eigenvectors as
weights yields a set of output signals y, which are
non-correlating.

In equation 8 the covariance matrix R was

written as the sum of two matrices, one due to the
signals, and the other due to noise:

R =S+N, where S = apaH (12)

NPT TP IUUTER. TRV WS 3
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If the array response vectors §i to the signals s;,
i=1,m, are independent, then S is of rank m and has
m non-zero eigenvalues. S is Hemitian and its
eigenvectors are orthogonal. Let uij, i=1,m, be the
normalized eigenvectors of S and vj be their
corresponding eigenvalues. Since N is of the form
ozl (equation 7),

RUi = (yi+ 0D . (13)

It is evident from (13) that the eigenvectors Uj of S
are also eigenvectors of R, and the eigenvalues of R
are given by

Aj=7vj+02 (14)

Therefore iij can be replaced by &;, i=1,m, and
expressed as columns of the matrix

Eg=[81, 82, - -, 6m], ordered as before from
largest to smallest. The eigenvectors Eg are
determined by the signals and span the signal
subspace of R.

In addition to these orthonormal vactors, an
arbitrary set of n-m orthonormal vectors

§j, j=m+1,n, can be chosen from the remaining
orthogonal subspace of B. These vectors are
transformed by 8 into the null vector, and are
eigenvectors of R corresponding to the common

eigenvalue o?:
R&j = (S + N) §j = N&j = 02§ (15)
The matrix of these remaining eigenvectors is
denoted by
EN = [#m+1, §m+2, - -, 8n) (18)

The total set of eigenvectors is then represented by
the columns of the matrix

E = [Es. EN] (17)

where ES spans the signal subspace and EN spans the
noise subspace of R.

From equations 11, 14, and 15 the output

correlation matrix < ?7H> the output signals are
noncorrelating, with powers given by the diagonai

elements of <y 7H> according to

y,+02 fori1=1 tom

Pilout) = <yj Vi.> = { (18)

02 fori=m+1 to n

Consequently, under eigenvector weighting, the first
m output channels contain the signals plus noise while
the last n-m contain noise only.
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CONDITIONS FOR PERFECT SIGNAL
SEPARATION

One is tempted to suggest that since the
original independent signals are non-correlating, the
eigenvector transformation has separated the array
input signals into the original signals. While this 1s
not true in general, it is enlightening to explore the
conditions under which perfect signal separation is
achieved.

It is now shown that perfect separation of
signals by the eigenvector technique occurs only if
the array signal-response vectors are orthogonal

From equations 4 and 10 the output signal ¥ can
be expressed in terms of the input signals § and noise
fi by

j-eHxxeHGs.E"d « AS+E"A (19

where A = EHG is an n x m matrix having ijth
component ajj. The signal for the ith output channel
is given by

m
Yi= Zk.]ﬂikSk + noise term (20)

Parfect signal separation means that each
independent signal sk is found in one and only one
output channel. The signal ordenng is arbitrary and
can be chosen so that sk appears in the kth channel,
for ke1,m. This means, using (20), that the
components of A can be written as ajk = aj Sjk .
where 3jk is the Kroenecker delta. Since EHas A,
and E is unitary, the array response matrix can te
oxpressed as

a1 0..0
0az.. 0
GsEA-[51.52....é’n 0 0.am
00.0
00.0
of,
G=(§1. g2, -+ Gm)
=[a161,2262, .., amém) 21

Since the eigenvectors 'e'j are orthonormal, the array
response vectors §j are orthogonal.

The converse is also true (orthogonal respanse
vectors implies that eigenvector weighting separates
the signals perfectly), provided the signal-related
eigenvalues are distinct. This is shown next.

P -
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If the array response vectors § j are
orthogonal, they can be shown to be eigenvectors of

R by postmultiplying (6) by §ij,
Rgj = apgH gj +Ngj = |'g’j|2Pj§'j +02 §j = M8

(22)
where Aj= |§j|2 Pj+ 62 is the corresponding
eigenvalue of R. Since the signal eigenvalues Ajare
distinct, the corresponding normalized eigenvectors
consist of the unique signal eigenvectors given by

plus the orthogonal noise eigenvectors

EN = [Bm+1. 8m+2, - -, 8n}. From (28), (17) and
the orthogonality of G and EN, A can be written as

lgil 0 .. 0
0 g2t 0
gH R

A= EHG:: [EzH]G ] 0 0 i Igml (24)
0 0. 0
0 0.0

Thus A has a quasi-diagonal form, which from (20)
is equivalent to perfect signal separation at the
output.

TWO-SIGNAL CASE

When only two signals (e.g., a communications
signal and a single interfering signal) are incident on
ar array using elgenvector weighting, only the first
two output channels will contain signal contributions
(equation 18). The signals in these two channels are
uncorrelated (equation 11). As will now be shown,
this lack of correlation has interesting implications.

The output signals y1, y2 can be written in
terms of the initial indepe~<ent signals s1, s2 and
channel noise n, k=1,n, as

no, _
Yo = @151 + 3282 + Ly qWki Nk, i=1,2  (25)

where wgj, k=1,n, are the weights W; used for the
ith output channel. The non-correlation of outputs y1
and y2 can be expressed using (25) and the fact that
the signals 5, and noise nk do not correlate, as

0 = <y1y2.>
= aj1a21 Py + a1ap2 Po + Wi Wiae?  (26)

e a -

P1,P2, and o2 are the signal and noise powers
respectively. The eigenvector weights are orthog-
onal, making the last term of (26) zero. Equation 26
becomes

R (27)
P2~ ayrapy’

From (25), the power due to the jth signal s in the
ith output channel is given by

Bjl) = ajj aij'Pj (28)

and the ratios of the powers of the signals sq and sp
in the ith output channel, by

Bi(i)  airajr’ Py

B2l " ajpajp’ P2 (29)
By manipulating (27) and (29), it is seen that
Bi1(1) B2(2) (30)

B2(1) © B1(2)

Interpreting one of the signals as a desired signal and
the other as interference, equation 30 states that the
signal-to-interference ratio is inverted between the
two output signal channels.

PERFORMANCE RELATIVE TO POWER RATIO
INVERSION

The Gram-Schmidt weighting techmque [2),
ke the eigenvector weighting technique, produces
ouiputs signals which do not correlate. Equation 30
can be shown to apply to this technique as well, for
low noise levels [8). Since for the Gram-Schmidt
technique, the first output channel is the same as the
first input channel, the second output channel may be
interpreted as inverting the relative powers of the
two signals as seen by the first array element. The
constrained matrix inversion technique can be shown
to have a performance similar to that of the Gram-
Schmidt method {2,6). These two techniques thus
have & performance similar to that of the power
ratio inversion algorithm {1).

This section compares the performance of
eigenvector weighting to that of the above-mentioned
power-ratio-inverting techniques in separating two
incoming signals. It is shown that for arrays with
similar element antenna patterns, eigenvector
weighting performs better than power ratio
inversion for all signal directions, with power ratio
inversion providing a greatest lower bound to the
eigenvector performance.
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It is noted that the array input X of a number of
signals sj, i=1,m incident on an n-element array
with common element pattern g(6,4), where 6 and ¢
represent signal arrival direction azimuth and
elevation respectively, is the same as the array
input of a number of signals si' = g{8j,0j)si, i=1,m,
incident on an array of identical geometry and
isotropic element patterns. Therefore the condition
of identical element patterns may be repiaced by the
easier-to-handle condition of isotropic patterns.

From equation 4, the signal in the first
eigenvector output channel is given by

H Hs

y1 = 81H% = 81HG@ 5+ 84

= @1M51s1 + @1HGas2 + 51HF (@1)

The first term on the right side of (31) is due to
signal 1, the second, to signal 2, and the third, to
noise. Therefore the ratio of signal powers in
channel 1 is given for the eigenvector technique by

SAAL A 61 Py (a2
B2(M)lev ~ @4Hgp2 P2 )

According to the ordering adopted in this paper,

Py 2 P2 . This ordering, together with equations 30
and 32, implies that the eigenvector technique
provides better signal separation than power ratio

inversion when IG1H§1| > (81H§23. and when

811§ 11 = 181H§21 the signal separation provided by
eigenvector weighting matches that of power ratio
inversion, Therefore the problem, of proving that
the performance of eigenvector weighting is
everywhere better than that of power ratio
inversion with power ratio inversion providing a
greatest lower bound to eigenvector performance, is
reduced o proving that

11511 2 81152l (33)

everywhere with the equality being a limiting case.

The proof of (33) is of some length and is given
in the Appendix.
COMPUTER-MODELLING

The eigenvector weighting technique was
modelled on a PC using the MATLAB numeric
computation package, for the case of a commun-

ications signal and a single jamming signal.

Except as noted, array element patlerns were
modelled as isotropic. The array response matrix
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G =[g1. g2l (equations 1-3) was calculated from a
given array geometry and signal directions.  The
ideal covariance matrix R was then calculated from
response matnx G, together with given input signal
powers Pq, P2, and channel-independent noise power

02, using equations 6 and 7.  From the ideal
covariance matrix thus obtained, the normalized

eigenvectors ek, k=1,n, were computed, and ordered
according to the sizes of their eigenvaiues, strongest
first.

The output powers i the kth channel, k=1,2,
due to the jth signal, j=1,2, were computed from

Bit = Py iokt 512 (34)

The corresponding notse power in each of the output
channels was given by 02.

The output channel favouring the communi-
cations signal was selected for evaluation purposes
This was usually the second channel, as the
communications power was normally less than the
jamming power,

Figure 1a shows the computed ideal perform-
ance of the eigenvector separation technique, for the
case of a «wo-element haif-wavelength-spaced array
and a normally incident communications signal  The
output signal to noise-plus-interference ratio
SNIR(out) is plotted as a function of jlamming
incidence angle for vanous values of SNIR(in). Two
sets of curves are shown' one for negligible noise
power (-100dB relative to communications) and the
other, for a plausible noise power (-30dB)

With negligible :nput noise power, when the
jamming incidence angle is close to that of the
communications {0°), the performancae equais that of
power ratio inversion. (A singular point for which
SNIR(out) is undefined occurs when the angles are
exactly equal; this is not shown on the figures.)
When the jamming angle approaches either + or -
90°, SNIR(out) becomes infinite, suggesting perfect
separation. The response vector of the array to the
jamming is orthogonal to the communications
response vector for these directions. At
intermediate angles, performance lies between that
of perfect separation and power ratio inversion it is
interesting to note, that even with near-equal power
levels (SNIR(in) = -1 and -3dB in Figure 1a),
acceplable performance (taken as SNiR(out) > 10dB)
is achieved for a significant fraction of jammer
incidence angles.

The addition of input noise, as illustrated in
Figure 1a, causes the performance to drop at nearly-



e e At —

e e —————— s

14 Avg—y v b e————

16-6
35 14 v /
Figure 12, SNIR{out) as a TN ;A
function of jamming incidence 307 RN\ \\ yo 74/
angle, for a normally incident AN sswan, /]
communications signal and Braly oy -1008 B>
various values of SNIR(in) on a 8 VL N . pwnoise .5
A2-spaced 2-element array F- U W N N ety
using eigenvector weighting. g i rod 12
Curves are shown for g 15y
negligible input noise power &
{-100dB relative to 10p -
communications) and plausible 3
input noise power (-30dB). 5t 1
e —. Voo i
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jammer incidence angle in degrees
? /
/ Figure 1b. SNIR(out) as a
2 1 function of jamming incidence
angle, for a normally incident
20l communications signal and
g vanous values of SNIR(in) on a
| A/2-spaced 4-element linear
3 array using eigenvector
g weighting. Input nuise power
@ 10F was negligible (-100dB relalive
to communications).
5 3
0 )

Figure 1c. SNIR{nut) as a
function of jamming incidence
angle, for a normally incident
communications signal and
various values of SNIR{i) on a
A/2-spaced 8-elemen: iinear
array using eigenvector
weighting. Input noise power
was negligible (-100dB).

SNIR(out) m dB

equal signal directions. This happens because the
output communications power approaches zero when
Its direction approaches that of the stronger jamming
signal, while the output noise power remains finite.
This is a feature of most interference-cancelling
technigries, not only eigenvector weighting. The

jammer mcidence angle i degrees

addition of noise also limits the maximum value of
SNIR(out) which is achieved at directions where the
input signals are orthogonal, to the input signal plus
noise ratio SNR(in) (30dB) plus the array gan (3dB).
Apant from these limitations, the observations noted
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for the ncise-absent case are true for the noise-
present case.

In the remainder of the modeliing results
discussed, a negligible noise power (-100dB) has
been used. This is done in order to simplify the
results so that other features are clearer. The
addition of noise does not alter the conclusions thus
obtained.

Figures 1b and 1c show the corresponding
performances for a four and eight-element linear
half-wavelength spaced array, respectively. Like
the two-element case, the performance drops to that
of power ratio inversion when the jJamming angle
approachas that of the communications, and
increases to that of perfect signal separation, at
jamming angles corresponding to orthogonal jamming
and ccmmunications response vectors. The
performances for near-equal input power levels
(SNIR(in) = -1, -3dB) are seen to bs acceptable
(SNIR(out) > 10dB) over a wider range of jamming
angles, as the number of elements increases.
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Figures 2a, b, and ¢ show corresponding three-
dimensional plots for the case of SNIR(in) = -3dB, for
the two, four, and eight-element half-wavelength
spaced array respectively. SNIR(out) is plotied as a
function of the jamming and communications
incidence angie, in this case. The plot extends over
all jamming and communications incidence angles,
-90 to +90°, relative o the array. Provided that
the angles lie near the horizon, the incidence angles
reprasent equally likely azimuth angles. In order to
provide a measure of the fraction of cases for which
communications is acceptable, the plots ae
truncated at the SNIR(out) = 10dB level. The
fraction of angles for which SNIR(out) > 10dB is thus
flustrated. As previously suggested by figures 1a,
b, and ¢, acceptable communications is achieved for
near-equal input powers over a wider fraction of
angles, as the number of elements increases.

The modelling represonted by Figures 2a, b,
and ¢ was repeated for other values of SNIR(in), to

2-clement linear array  EIGENVECTOR WEIGHTING  SNIR(in) = -3dB

Figure 2a. Three-dimensional plot

of SNIR(out) as a function on
communications and jamming

incidence angle, for input ]
communications, jamming and 8
noise signals of 0, 3, and -100dB 3
respectively, on a A/2-spaced %
2-element array using eigenvector 0
weighting. The plot is limited

above at 10dB.

| R |

SNIR(out) in dB

Figure 2b. Three-dimensional plot
of SNIR(out) as a function on
communications and jamming
incidence angle, for input
communications, Jamming and
noise signals of 0, 3, and -100dB
respectively, on a A/2-spaced
4-glemeni linear array using
eigenvector weighting. The plot is
limited abcve at 10dB.
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8-clement lincar array EIGENVECTOR WEIGHTING  SNIR(in) » -3dB

SNIR(out) in dB

cetermine the extent to which acceptable
communications can be achieved with eigenvector
weighting, at near-equal signal levels. The fraction
of angles, for which acceptable communications
(SNIR(out) > 10dB) is achieved, is plotted for the
two, four and eight-element linear arrays as a
function of SNIR{in) in Figure 3. This fraction is seen
lo be symmetric about SNIR(in) = 0°. This result
arises from the performance symmetry in the two-
signal case, described in equation 30 in terms of the
relative output powers being inverted between the
two signal output channels. The improvement in
performaince with increasing numbaer of elements is
also evident. To put these results in perspective, it
should be noted that the powser-inversion techniques
would not result in acceptable communications at
these values of SNIR(in), for any angles. While not a
completely satisfactory solution for the case of
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Figure 3. Fraction of communications and
jamming directions for which SNIR(out)
exceeds 10dB, as a function of SNIR(in), for
2, 4, and 8-element l/2-spaced linear arrays
using eigenvector weighting.

Figure 2c. Three-dimensional plot
of SNIR(out) as a function on
communications and jamming
incidence angle, for input
communications, jamming and
noise signals of 0, 3, and -100dB
respectively, on a A/2-spaced
8-element linear array using
eigenvector weighting. The plot is
limited above at 10dB.

near-equal powers, Figure 3 shows that eigenvector
separation can provide acceptable performance in a
large fraction of cases, and thus is substantially
better than the power-inverting aiternatives.

The effect of gain differences in the input
channels is illustrated in Figures 4a and b. These
figures demonstrate the effects of reducing the gain
in one channel, relative to the others, for the two
and four-element linear half-wavelength arrays The
communications signal was normally incident and
SNIR(in) was -3dB, with a negligible nolse level.
SNiR(out) wa- plotted as a function of jamming
incidence angle, for various channe! gain mismatches
It can be seen that the array performance for those
directions where eigenvector separation performs
best deteriorates rapidly with channe! gain differ-
ences. This effect s worst for the two element
case; for very large gain dilferences, the 2-element
performance is everywhere reduced to that of power
ratio inversion, For the four-element case the
behavior is more complex, and depends on which and
how many elements have reduced gain. The example
shown in Figure 4b is for a single attenuated channel.
V/hen three of the four channels are severely
attenuated, the performance was also found to be
reduced to that of power ratio inversion. These
results indicate that efforts should be made to
provide equal input channel gains for systems whare
the eigenvector separation technique is used.

The superior parformance of the eigenvector
technique over power ratio inversion methods was
shown analytically for the case of two signals and
identical element patterns. On an intuitive basts, the
increased degrees of freedom used in determining the
weights for the first and second output channels
suggest that the eigenvector technique is likely to be
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SNIR(out) in dB

Figure 4a. Effect of channel gain
differences on eigenvector
weighting performance of a A/2.
spaced 2-element array, for a
normally incident communications
signal and communications,
jamming, and noise powers of 0,
3, and -100dB, and vario:is
values of attenuation applied to
one of the channels.

0 6 4 2 0 20 4%
jammer ncidence angle in degrees

60 80

Figure 4b, Effect of channa! gain
differances on eigenvector
weighting performance of a
A2-spaced 2-element linear
array, for @ normally incident
communications signal and
sommunications, jamming, and
noise powers of 0, 3, and
~100dB, and various values of
altenuation applied to ons of the
channels.

SNIR(out) m dB

superior to power ratio inversion (as demonstrated
by Gram-Schmidt orthogonalization which fixes the
first weight vector and permits only one degree of
freedom in the sacond weight vector) much more
often than not.

A plausible example of non-identical element
patterns is provided in the four-element square
array with differently-directed offset-circular
element patterns, iliustrated in Figure 5. The
performance for this array using a front-to-back
ratio of 10dB in the element patterns, for SNIR(in) =
-3dB, is ilustrated 1n Figure 6. In this figure,
SNIR(out) is plotted versus jamming and commun-
ications incidence angles in a 3-dimensional format.
As can be seen in this figure, the array performance
has a minimum of SNIR(out) = 3dB, which occurs
when the jamming incidence angle approaches that of
the communications. Substantially better perform-
ances are achieved for a large fraction of possible

40 -20 0 20 4 60 80
jammer incidence angle in degrees

Saw —m

Figure 5. Modelled square array with
diffarently-directed offset-circle element
patterns.

directions. Thus the eigenvector performance with
this array I1s better than that of a similar array with
non-directive elements using power-ratio inverting
techniques.
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2 directed-clement array  EIGENVECTOR WEIGHTING  SNIR(in) = -3¢B ;

Figure 6. Three-dimensional plot of
SNiR(out) obtained with eigenvector
weighting, as a function of
communications and jamming
incidence angles, for input
communications, jamming, and
noise signals of 0, 3, and -100d8
respectively, for the array of
Figure 5 with a forward to back
ratio of 10dB in the element
patterns. The piot is limited above 0
at 10 dB.
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SNIR(out) n dB

Further, since the signals which are weighted
and combined in any adaptive array technique are
those seen by the element antennas, the effect of
directive elements on power-ratio inversion methods
is expected to be merely a shift in the value of
SNIR(in) corresponding to a certain value of
SNIR(out). For any given set of signal directions, the
poor values of SN!R(out) corresponding to near-equal
input powers (as seen by the antennas) would still
occur under power ratio inversion.

From the above, it can be inferred that in
situations where a single algorithm is to be used to
cover a range of possible signal powers and
directions, the eigenvector technique is preferred
whether the array elements are differently directed
or not. However, if the implementation is such that
different algorithms can be tried on a case-by-case
basis, then including a power ratio inversion
technique along with eigenvector weighting will at
times improve parformance, if the array elements
are differently directed.

SIMULATION

The ideal covarnance matrix R assumed in the
analysis and used to obtain the modalling results
reported herein differs from the time-average
estimate found in practice, in that the estimation
errors due to the finite averaging period and random
signal variations have not contributed to the
covariance matrix elements. These errors give rise
to small apparent correlations between the two
independent signals and the noise signals. As a check
on the practical applicability of the analysis and the
reliability of the modeliing studies, a more detailed
simulation was carried out for the two and four-
element arrays.

The simulations included a binary-phase-coded
communications signal plus a single jamming signal,
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incident on half-wavelength spaced linear arrays
The jamming signal was either pure-tone or white
noiss. The input signals were constructed on a
sample-by sample basis, using a sample rate of 5
samples/bit. Noise values and white-noise jamming
values were assumed to be indeperident batween
samples. From each block of 64 input samples, a
block covariance matrix was formed. A weighted
average was taken between the block covariance
matrix and the previous covanance matrix estimate,
in order to form a new covariance matrix estimate.
The time constant of the weighted averaging was
2.54 blocks. The simulation was run for 32 blocks,
and from the weights thus obtained for each block,
SNIR(out) found, on a block-by-block basis.

40-BPC_COMMUNICATIONS SNIR(In) = -3dB
theo!
xxxxx pure=tone |amming
00000 nolse jamming
=
<

SNIR(out)

. T % M )
JAMMING INCIDENCE ANGLE  (DEGREES)

Figure 7a. Theoretical and simulated perfor-
mance of a A/2-spaced 2-element array with
eigenvector weighting, in the presence of a
normally-incident 0dB communications signal,
a 3dB jamming signal, and -30dB input noise
Mean values and rms deviations are shown
for pure-tone and noise jamming simulations.
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46-BPC_COMMUNICATIONS SNIR(in) = —3dB
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XXXXX purs—~fone jamming [}
00000 nolse jamming

SNIR(out)

-

© 3% 0 %0
JAMMING INCIDENCE ANGLE  (DEGREES)

Figure 7b. Theoretical and simulated perfor-
mance of a A/2-spaced 4-element linear array
with eigenvector welghting, in the presence of
a normally-incident 0dB communications signal,
a 3dB jamming signal, and -30dB input noise.
Mean values and rms deviations are shown

for pure-tone and noise jamming simulations.

Figures 7a and b show the simulation
performance, for 3dB input jamming power and
-30dB noise power, relative to the input communic-
ations power, for the two and four-element arrays
respectively. SNIR(out) is plotted as a function of
the jamming incidence angle, for a normally incident
communications signal. Average values and rms
deviations (cn the block-by-block results) are plotted
for the cases of pure-tone and white-noise jamming.
Also shown are the theoretical statistics-independent
curves, computed from the previous modelling
program, for these input power levels.

The pure-tone jamming results agree well with
the theoretical curves for both the two and four-
element arrays, implying that the random binary-
phase coding of the communications does not
substantially affect performance. The noise jamming
results are in agreement with the theoretical curves,
at values of SNIR(out) up to 15dB. At higher
valueso! SNIR(out), the random nature of the noise
Jamming causes the average performance to be
reduced below that of the theoretical curve. Also,
the block-to-block rms variation in performance is
greater for the noise jamming, and for higher values
of SNIR(out). It should be noted that the reduction in
performance below the theoretically expected vaive,
found for the case of noise jamming, does not extend
down to the minimum values of SNIR (approx. 10dB)
needed for acceptable communications.

The simulation results support the validity of
the conclusions drawn from the analysis and the ideal
modeliing studies, for practical applications.
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APPENDIX

It is proven here that, given isotropic array
elements,

811511 2 181Mg21 (33)
In equation 12, the covariance matrix R is
wiitten as R = S + N, where $ = GPGH and

N=c?l arethe signal and noise contributions

respectively. The eigenvectors 81, 82 of R were
shown to be also eigenvectors of the n x n matrix S.

To show (33) is true, it is helpful to find 81 by
solving the eigenvector equation of 8. Using the
factorization

s = (GVP yavP ), (A1)

where VP = [\/:—‘\/9—

] and G = (91, §2].
P2

the eigenvector equation of $ can be expressed as
(@VP )aVP ey = v 8k (A2)

Premultiplying (A2) by (GYP ) yields the simpler
2-dimensional eigenvector equation
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Tk = Vk . (A3)
where
g = @VP)H & (A4)
and
1= (6VP)HaVpP) (AS)

Tis a 2 x 2 matrix whose eigenvalues are the
eigenvalues y of S, and whose eigenvectors are

given by Vk. The eigenvector 8k of S can be found in
terms of Vi by using (A4) to replace the factor
(@VP )Ha) on the right-hand side of (A2) by ¥k, thus
obtaining

8k = (GVP k.
*®
The eigenvector scale factor YLk is arbitrary and can
be dropped, so that
8k = (GVP ) W (A6)

Proceading now to find the eigenvectors Vi of T, T

is expanded in terms of its elements using (A1) and
(A5) to obtain:

P12 VPyP2 §iHs2
T= (A7)
P1P2 §al"51  Palgal?

The quadratic equation det(T - fl) = 0 s solved for
the eigenvalues of T , obtaining

P11§112+P2lg21 o Hx
na2s= 2 £ VP1P2 G121V 14x2
(A8)

Y
Poig2l-P1lg1l
where y = {A9)
2VpyP2 1§1H52)

y1 corresponds to the plus sign in (A8) since it is the
larger eigenvalue by the ordering convention used.
Setting

~ H~

eiB. g#'-g-: and p-x+V1+12 , (A10)

V1 is given by

. 1
Vi = p,e"ﬂ

Substituting (A10) and (A11) in (A6), &1 15 found to
be

81 = @VP) ¥ = VP1 g1 +VPone B §o (A12)

(A11)

and
BiHgn = B2 WPy +anfPr2),  @13)
~ He
where & = '9'7-921' . (A14)
g1l
Simiarly,

6152l = 1R €VPy +uVP2)  (A15)

The array elements are assumed to have isotropic
gains. Therefore, gk is of the form

(p1eid1k, poeld2k . . o eldnkjT,

implying that

n
G1i= (G2 = (Xyoq pi (A16)

From (A15), (A16) and the Cauchy-Schwarz
inequality,

~ Ha -
§ = '£§L9_2_i2| S I_q__g_a_};ll@l 1, which implies that
1 1

0s & s 1 (A17)

From (A9), the input power ordering (P1 2 P2), and

isotropy (131} = [d2}), % is non-positive. Applying
this to (A10), u is seen fo lie in the range

0Sp st (A18)

From (A15), (A16), (A17) and (A18), together with
the input power ordering, it can be shown that

B1Hg11 - 184M520 = 15112 1BV Py -uVP2)
20 (A19)

Therefore, (815311 2 181H§21, which proves that
the eigenvector technique provides better signal
separation than the power ratio inversicn techniques
under the condition of isotropic element patterns.
When the signals are close in direction, then §

approaches unity (A14), thus causing |S1H§1| to

approach |81Hg2| (A19). Therefore, power ratio
inversion provides a greatest lower bound to the
eigenvector separation performance, given the
1sotropy condition.
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: DISCUSSION
George H. HAGN i
] What is the impact of coherent multipath on the method you have
| presented ?

Have you gone beyond the theorefical stage which you presented to us to
build a practical system ?

| AUTHOR’S REPLY t
y If the multipath is completely coherent, then the resultant signal from that
} source will have a certain time-independent phase relationship between
; antenna elements. The technique will deal with it as it would any simple-
| mode signal, and performance would not be reduced. If coherence is partial
however, a deterioration in performance might result.

We have a test bed for HF and VHF applications, part of which is a
programmable real-time processing system. The eigen vector method will be

implemented on that test bed, in 2-element form, in the near future, and, in
4-element form, about a year from now.
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TECHNIQUES FOR ESTIMATING THE EFFECTS OF MAN-MADE RADIO NOISE ON
DISTRIBUTED MILITARY SYSTEMS

by
D.B.Sailors
Ocean and Atmospheric Sciences Division
Naval Ocean Systems Center
San Diego, CA 92152-5000

This paper reviews techniques
available for estimating the effects of
man-made radio noise on distributed
military systems using empirical man-made
noise models. The models given in CCIR
Report 258 are reviewcd along with the
empirical data base upon which they are
based. Results of measursments of man-made
noise ars presented for six Pacific Ocean
sites and for three Atlantic Ocean/Europe
sites. Accumulative probability
distribution models of increasing
complexity are reviewed. Tests of fit of
these distributions are presented for
select sanples of measured man-made noise
data.

1. INTRODUCTION

Increased utilization of electrical
and electronic devices for man’s well being
and sscurity has also increased the amount
of undesired electromagnetic enargy in
teleacommunication systems. This man-made
radio frequency interferenca is
characteristically impulsive in form and
random in occurrence and originates from
such common sources as automobile ignition
systems, high voltage transmission lines,
electrical pover generating stations, and
electrical applicances and machinery. Man-
made noise predominates over noise of
natural origin(1) at many locations
especially during the daytime.

In the solution of telecommunication
problems, it is highly desirable to be able
to estimate the radio noise at any
location, frequency, or time of day caused
by these differsnt sources. One approach
to solving the problem has been the
development of empirical rodels of man-madu
noise. The empirical odels available
today are based on an empirical data base
acquired by the Institute tor
Telscommunication Sciences(IT8){2). Data
exist on man-made radio noise available
pover levels in the U.8. and on ths time
and location variabilities of those levels
for specific environmental categories:
rural,residential and business. These
nodels have been adopted by the CCIR in
Report 258-5(3). These levels are
presented as F,, the effective noise
figure, in dB(XT,) (3] or aB(kT,b)(1];
however, these are essentially squivalent
units(4). The distribution of P, is needed
to calculate the distribution of
SNR(defined as the ratio of average signal
power to average noise power) and hence the
probability of successful communication or
the loss of circuit reliability due to
interference.

This paper presents empirical models
of man-made noise that can be used in the
solution of telecommunication problems for
distributed military systems. Pirst, the
empirical data for which the CCIR models
are based is discussed. Ther the CCIR

Report 258 models are described. Four
models for the probability distribution of
the short-term(l min.) mean values of man-
made radio noise available power levels for
the specific environmental categories are
given(these models are not amplitude
probability distributions(APD)). The
extension to freguencies above 250 MHz,
based on data measured in Canada, is
described{5-7). Results of recent
measurenments of man-made noise made on a
circular disposed antenna array(CDAA) by
the Naval Electronics Engineering Activity,
Pacific are discussed[8). Results of thess
measurenents for Guam are compared to
measurenents made near the CDAA antenna in
Guam during 1974 on a short vertical
rod{9).

2. ENPIRICAL DATA BASE

In 1974 the Institute for
Telecommunication Sciences(ITS) reported
the use of a measurement system with a rms
detector to obtain data in the band 250 kHz
to 250 MHz with a short vertical antenna
near ground at various sites in the
U,8,{2). Over 300 hours of data wers
obtained simultaneocusly on ten frequencies
over a period from 1966 through 1971 in six
states(Colorado, Maryland, Texas, Virginia,
Washington and Wyoming) and in the District
of Coluumbia. Dats wers obtained for three
environmental categories: rural,
residential, and business. Data were
measured in 31 rural areas, 38 residential
areas, and 23 businsss areas. At each
location the area sampled varied from a few
square blocks in the business areas to few
square miles in the rural areas. In the
noise measurement method used, 10-sec
samnples of the running average(time
constant about 50 sec.) of F, were
recorded. Thus, 360 samples of F, werse
obtained each hour for a given measurement
location and troﬁ?oncy. These results vere
analysed statistically at ITS8. The least-
suares it for F,,, the median value of F,,
given in [2-3]u}or each environmental
category is reproduced as Figure 1 and are
given here as Table 1 for each of the
frequencies. The slope with freguency was
found to be -27.7 dB/decade for each
environmental category.

Thess man-made noise data are daytinme
values., At night these 20-50 MHz levels
can drop 5-10 dB to a minimum around 0400
hours local time, and between 100 MHz and
250 MHz they can drop 3-5 dB. At the lower
frequencies in the HPF band, the night
levels are frequently controlled by
atmospheric noise from lightning; and the
nan~made levels cannot be observed. The
diurnal variation decreases for the MF band
and is again only 3-5 dB at 0.25 MHz, with
values ut night being slightly higher than
during the day.

An indication of the variation
encountered from location to locatjon
vithin each environmental category is given
by Spaulding and Disney{2). An example
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distribution of local median values of man-
made noise at 20 MHz in residential areas
is given as Figure 2. The values gp is the
standard deviation of all measured medians
for all frequencies combined about the
regression line of Figure 1. The authors
quote values of 7.00 dB, 5.00 dB, and 6.45
dB for business, residential, and rural
areas, respectively. A better estimate of
the location variability of Fam for these
environmental categories for a specific
measured frequency may be obtained from the
standard deviations oyp, given in Table 1.

Once the best estimate of the location
variability has been found, the variation
of ¥, at that location with time should be
considered. Figure 3 gives the
distribution of F, values obtained on 20
MHz during an hour (0839-0939 hours local
time) in a residential area in Boulder, CO.
The median and the upper and lower deciles
are indicated. The time variability for
the different environmental categories has
been estimated by ITS for each of ten
measurement frequencies in terns of the
upper and lower deciles, D,, and Dj(in 4B,
relative to the median value). These
values, summarized in Table 1, are the
root-mean-squares of all the location
values for sach frequency and environmental
category.

Table 1., Summary of selected measursd noise
parameters for business, residential and
rural environmental categories

Environ~ Freq. Fam Dy D oNL
mental

Category (MHz) (dB(KT,)) (dB) (as) (dB)

Busi- 0.25 93.5 8.1 6.1 6.1

ness 0.50 85.1 12.6 8.0 8.2

1,00 76.8 9.8 4.0 2.3

2.50 65.8 11.9 9.5 9.1

5.00 57.4 11.0 6.2 6.1

10.00 49.1 10.9 4.2 4.2

20,00 40.8 10.5 7.6 4.9

48.00 30.2 13.1 8.1 7.1

102.00 21.2 11.9 5.7 8.8

250.00 10.4 6.7 3.2 3.8

Reni- 0.25 89.2 9.3 5.0 3.5

dentixl 0.50 80.8 12.3 4.9 4.3

.00 72.5 10.0 4.4 2.5

2.50 61.5 10.1 6.2 8.1

5.00 53.1 10.0 5.7 5.5

10.00 44.8 8.4 5.0 2.9

20,00 36.5 10.6 6.5 4.7

48,00 25.9 12.3 7.1 4.0

102.00 16.9 12.5 4.8 2.7

250.00 6.1 6.9 1.8 2.9

Rural 0.25 83.9 10.6 2.8 3.9

0.50 75.5 12.5 4.0 4.4

1.00 67.2 9.2 6.6 7.1

2.50 56.2 10.1 5.1 8.0

5.00 47.8 5.9 7.5 7.7

10,00 39.5 9.0 4.0 4.0

20.00 31.2 7.8 5.5 4.5

48.00 20.6 5.3 1.8 3.2

102.00 11.6 10.5 3.1 3.8

250.00 0.8 3.5 0.8 2.3

3. CCIR REPORY 258 MODELS

The environmental categories for which
predictions are available in CCIR Report
258-5 include: business, residential,
rural, and quiet rural(3}. Business areas
are defined as any area where the

predominant usage throughout the area is
for any type of business(e.qg. stores and
offices, industrial parks, large shopping
centers, main streets or highways lined
with various business enterprises, etc.).
Residential areas(urban or suburban) are
defined as any area used predominately for
single or multiple family dwellings with a
density of at least two single family units
per acre and no large or busy highways.
Rural areas are defined as locations where
land usage is primarily for agricultural or
similar pursuits, and dwellings are no more
than one every five acres. Quiet rural
areas are defined as locations chosen to
ensure a ninimum of man-made noise.

In all cases results are consistent
with a linear variation of the median value
of Fu, Fams With frequency of the form:

Py =c -d log f, (1)

vhere £ is the frequency expressed in MHz.
The constants c and @ are given in Table 2.
As thess results are based on the work of
Spaulding and Disney(2], equation (1) is
valid only in the range 0.25 to 250 MHz for
all the environmental categories except
quiet rural and galactic noise. The
formula for galactic noise from radio stars
which is incident on the ionosphere is
included here for comparison only. Note
that Table 2 also contains data fron
Spaulding and Disney for parks and
university campuses and for inter-state
highways.,

Table 2. Values of the Man-made Noise
Constants ¢ and d(2)

Environmental category ¢ d

Business 76.8 27.7
Inter-state highways 73.0 27.7
Residential 72.5 27.7
Parks and university

campuses 69.3 27.7
Rural 67.2 27.7
Quiet rural 53.6 28.6
Galactic noise 52.0 23,0

Skomal has reviewed man-made noise
data collected in a range of countries at
various distances from metropolitan
areas(10-11]., Results cover the fraquency
rangs 500 kHz to 1 GHz. 1In the freguency
interval 100 t0 800 MHz, he showed that the
frequancy decrement moderates from that
given in Table 1 to -10 to -15 dB/decads.
This is conristent with the presence of a
localized maximum in the UHF-band emission
spectrum of vehicular ignition
interterence.

At four sites in downtown Ottawa,
Canada, measurements of the VHF~UHF radio
environment were carried out aver a 17-day
period in November 1976([{5). A linear
regression equation of the frequencies 200
to 500 MHz was given as F,y = ~15.8 log f +
48.4(f in MHz). 1In the frequency range
from 200 to 300 MHz, the results using this
equation compare favorably with those using
the business area equation of [2}.

Man-made noise level measurements were
made of the UHF radio environment over a
four-month period(1982-1983) in and around

e e e PRI SRR L S

i

S

e

R P R W . IR ey i, “:{(@ A‘:V’ ‘{&} o




Ottawa, Canada by Lauber and Bettrand(6).
The antenna noise temperature T, was
measured at sites typical of business,
residential, and rural areas at frequencies
from 600 to 950 MHz. For each of these
areas, a minimum of 1800 one-second
measurements were combined to form a
cumulative probability distribution, which
shows the time and location variability of
the noise. The highly skewed shape of the
distribution, especially those from the
business areas, showed that the UHF radio
environment is composed of a background
noise level upon which is superimposed a
highly variable man-made noise level from
vehicle ignition noise.

4. NOISE LRVEL DISTRIBUTION MODELS

Hagn and Sailors[12] have presented
four statistical models of increasing
complexity(sinple Gaussian, composite
Gaussian, chi-suare, Gaussian from chi-
square) which utilize the time and location
variability of F, to predict the
accunulative pzobahgliticl of man-mnade
radjio noiss available powver levels for
short, vertically-polarized antennas
located near the ground. These nodels,
which have now been included in CCIR Report
258, are useful in predicting the
probability that the short-term signal-to-
noise ratio for a given communication
system equals or exceeds a value required
for asuccessful communication.

For the simple Gaussian mod&l, the
mean is approximated by F,, from Table 1,
and the standard deviation ¢y is given by

og = (onp® + opp?) ¥ (2)

assuning that the temporal and spatial
variabilities are uncorrelated. The
parameter oyn is the standard deviation of
the tcmporaf variability and values ars
obtained from Dy and D; of Table 1 using

(Du.2 + Dlz)k
we e h v @

The location variability oyy is given in
Table 1.

The composite Gaussian model is the
simplest model . :h takes into account
skewness in the distribution. For this
nodel the standard deviations for the upper
and lowver halves of the distribution are
given by oy, and ¢ respectively, and the
mean is given by %K‘. The corresponding

upper and lower deciles for these
distributions are obtained from oy, and
oN1, respectively, using the equation:
DN“ - 1,28 INu (4)
Dyy ™ 1.28 oy {5)

The standard deviations themselvas are

computed
9N ™ [ ;u‘z‘g-]z* "m.z]* (6)

Dy 2 2 %
oM1= | [i39) *'m "
The chi-suare model also takes into

account skewness. In the chi-square model
the parameter » is the number of degrees of
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fraedom. The chi~square model satisfies
the relationship F, = 2 + b x2, The mean

noise is <Fy> = Fau? = a + b 5, and its
standard deviation is oy, 2 = b(2 ») % fthe
parameters a,b,v,Faxz, and ”Nxz are given

in Table III of CCIR Report 258-5[3} for
the ten discrete frequencies between 0.25
and 250 MHz. These parameters were found
using a method developed by Zacharisen and
Crow([13).

A second Gaussian model using
parameters can be estimated from the chi-
square approximations._ For this model the
mean is given by Fax“ and the standard
deviation a“xz.

Figure 4 shows the predictions for 20
MHz in a residential environment. All four
nodels predict very similar values between
the deciles. 1In the tails of the
distribution(beyound the deciles), the
simple Gaussian model predicts the lowest
levels; and the chi-square model predicts
the highest lavels.

Hagn and Sailors(12) also made 2
preliminary comparison of the models with
measured data, PFigure 5 is a plot of the
model predictions of Figure 4 superimposed
on the data of Figure 3. Since thers was
no location variability data for this
sanple, oyp Was set to zero for tne
comparison. By inspection, the best fit
over the interval 1% to 80% is given by the
Gaussian model with paransters estimated
from the chi-square. The simple Gaussian
model predictions are consistently too low;
and, in the more interesting upper half of
the distribution, the chi-square model
predictions are good over the interval 10%
to 80% but too high for the upper tail of
the distribution. The shape of the
measured distribution in the lower tail is
most closely approximated by the chi-
square.

Hagn and Sailors applied a Kolmogorov-~
Smirnov(K~-8) goodness~of-fit test{14-16) to
examine more rigorously how well
distributions of sample man-made noise data
conform to the hypothssized distributions.
The results for data and model predictions
of Figure 5 show that the chi-aquare model
is accepted for a significance level of 3%
for values of probability of exceeding the
ordinate up to 90 percent, vhereas, the
simple Gaussian model doss not fit well
throughout the entire distribution. The
K-8 test was also applied to 20 MHz data
obtainad for 31 minutes in a Boulder, €O,
business area. This particular
distribution sample was the only one
available which was not used to develop the
mnodel, The distribution was slightly
skewed as can be seen in rigure 6. As the
mean for this sample was 49.7 dB(KkT,)
comparasd to 40.8 dB(kT,) from Table g;
clearly, all the model predictions would be
too low. In this case the authors sset o=
0 and adjusted the median of the lilpf.
Gaussian model to 49.2 dB(kT,) for the
comparison. For a significance level 5%,
the Gaussian model vith parameters
estimated using the chi-square was
overvhelmingly rejected. At this
significance level, it was found that it
vould be fncorrect to reject the simple
Gaussian, composite Gaussian, ar” chi-
square nodels. The final conclusicws vere
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that the models were most useful in the
probability interval 0.1 to 0.9, but
further checks against measured data are
needed to determine the limits of their
applicability,

5. OTHER EMPIRICAL MODELS

There are other useful empirical
models that either supplement the CCIR
Report 258 models or in one case replace
it. This includes: (1) A model developed
for use at frequencies in the VHF and UHF
bands; (2)A model known as the quasi-~
minimum atmospheric noise model; and (3)aAn
airborne man-made radio noise model.

The first of these is a model that was
developed for use at VHF and UHF by Hagn et
al.(7). For frequencies betwsen 1 MHz and
200 MHz, the model given in CCIR Report
258-8 is used. However, at frequencies
above 200 MHz, the following equations for
Fap in dB(kT,) are used:

Fap = 49.4 -~ 15.8 log ¢ (8)

(9)
(10)

Fan = 45.2 - 15,8 log £
Fap = 39.2 - 15.8 log ¢

for business, residential, and rural
environments, respectively, where the
frequency £ is in MHz. At 200 MHz, this
model and CCIR Report 258-5 produce
identical results. Equation (8) differs
only 1 4B from that of Lauber and
Bertrand{$) at 200 MHz for business areas.
The slops of thess curves is identical to
that of Lauber and Bertrand at thess higher
frequencies. The above equations extend
the noise models upward in frequency until
the man-made and/or galactic noise drops
into the internal noise of the receiving
system, Lauber and Bertrand{6] have
conpared this model along with one due to
Skomal[1ll). The results are presented in
Figure 7. The Hagn et al.[7] results are
within_+3 dB with the exception of the
higher frequencies for the rural areas.

The Hagn et al. model also provides
approximations for the standard deviations
for the simple Gaussian model of Hagn and
Sailors(12]. For frequencies between 1 Miz
and 100 MHz, these standard deviations are
given as 10.5, 8.5, 6.5, 4.5, and 1 dB for
business, residential, rural, quiet rural,
and galactic environments, respectively.
Por frequencies above 100 MHz, the values
are based on the more limited data of
Lauber and Bertrand(5). The standard
deviation oy, in dB, is given by:

oy = 10.5 - 9 log(355), or a8 (11)
oy = 8.5 -9 log(355), or 2 a8 (12)
oy = 6.5 = 9 log(y5g), or 2 dB, (13)

respectively, for jusiness, residential,
and rural man-made noise environments.
These equations are useful for oy ¢ 0 dB.
The standard deviation oy is not allowed to
go negative at higher frequencies but
merely drops to 2 dB and stays constant for
higher frequencies until Fau decreases to 0
dB(kTg) .

Another noise model often used as a
man-made noise model in some applications

is one known as the guasi~minimum
atmospheric noise model[17). It is based
on a comprehensive examination of expected
noise at many locaticns and for all seasons
using data from the National Bureau of
Standards noise measurement program, and
shipboard measurements made at sea in the
San Diego,CA area. Table 3 is a list of
the values for this model. A fit to these
data is given by

Fam = 60.0 = 27.5 log £ (14)
where £ is in MHz. Equation (14) is also
given in Table 3. Note that the median
rural noise equation is nearly equal to the
quasi-minimum atmospheric noise equation.
Results for rural noise equation are also
presented in Table 3.

Measurements indicate that airborne
nan-nade radio noise from a distant
metropolitan area can be detected once an
aircraft rises above the local optical
horizon. Above 10,000 feet measurements
show a broad noise signature representative
of an entire metropolitan area. Roy has
reported an airborne man-made radio noise
nodel developsd to evaluate the effect of
nan-made radio noise on the operation of

Table 3. Quasi-minimum atmospheric noise
levels in 4B above kT,

Frequency Level Equ. (14) Equ. (1)

(MHz) Chase & (Quasi-  (Rural)
Tirrell(17)} Minimum)
2 52 51.72 58.86
4 44 43.44 50.52
& J9 38.60 45.65
8 36 35.17 42.18
10 36 32.50 39.5%0
12 3l 30.32 37.32
15 a8 27.66 34.62
20 25 24.22 31.16
25 22 21.56 28.48
30 20 19.238 26.28

meteor burst communication systems(18-19).
Equations developed by Skomal{1l) were used
to construct the modal. Two parametric
equations were used to model the height
gain of man-made radio noise as a function
of distance, 0 to 150 miles, from the
source. Coefficients for these equations
were calculated from data measured over
Seattle{20). Roy used two hundred of the
nation’s largest cities and 62 of the
largest counties and military installations
as sources of radio noise. Day and
nighttime contours were produced in the 25
to 75 MHz rangs for altitudes between 30
and 70 thousand feet. These maps show that
very little of the continental United
States is free of airborna man-made noise.
Minimum noise levels are found during the
night at low altitudes for distances
greater than 100 miles from most
netropolitan areas. As an example Figure 8
shows daytime 45 MHz contours for an
altitude of 5 thousand feet. Contours of
constant radioc noise power in dB above kTb
are plotted for valuaes of 15,20, and 25 dB.
Shaded areas in the continental United
States represent areas containing noise
pover 3 dB or less above galactic noise.
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When one uses the models of CCIR
Report 258, it, is necessary to decide which
environmental category a receive site
belongs. This author had an opportunity to
deteraine the environmental categories for
the receive sites of an HF communication
systen. For this purpose he acquired man-
made noise data measured on CDAA antennas
at the receive sites of the communication
stations ai Adak,AL; Diego Garcia; Guam;
Honolulu,HI; San Diego, CA; and
Stockton,CA,

These measursenents were made by the
Naval Electronics Engineering Activity,
Pacific(NEEAP) on the Automated AN/FRM-
19(v) Test System. This system includes an
Automated Noise Measurement System(ANMS).
The ANMS allows the site to measure its
baseline/strong signal level on a periodic
basis. The ANMS acquires data every two
hours at seven frequencies over a seven day
period. This data is then averaged over
this period, and a baseline noise/strong
signal level is found. The ANMS acquires
data data from a 0.5 MHz window centered on
the seven frequencies{usually
2.5,5.0,7.5,10.0,12.5,20.0,30.0 MHz). Tha
ANMS searches for the lowest power level or
"hole" in this 0.5 MHz window. This 0.5
MHz window at a frequency of interest is
divided into 83 channels of 3.8 kHz. The
ANMS then samples the noise waveform in
sach channel by taking 50 consecutive
points. By taking 50 samples, a window is
set up in the time domain that will capture
tine related RFI noise, such as poverline
noise. After the ANMS scans the 0.5 MHs
window, it returns to the "hole" to wmeasure
the system noise level, The average
power (true rms voltage) and V4(voltage
deviation) are then calculated from the
digitized waveform. After the ANMS has
collected the noise data for seven days, an
operator can then proceed to plot out the
data using different plotting modules to
analyze the noise environment.

Baseline noise data vas provided by
NEEAP for the forenamed communications
sites measured by the ANNS for the local
noon period. Local noon was chosen as the
nost likely time of day that man-made noise
would most likely be present. The data for
Guam, measured from September 17, 1987
through September 24, 1987, vas examined
first because that vas the only site for
which there wvas other measured results
available for comparison{9}. PFigure 9
shows this data measured by the Stanford
Ressarch Institute(SRI) along with the data
measursd by NEEAP on a CDAA antenna. The
SRI data was measured on a short vertical
rod. PF.r comparison purposes both quiet
rural «né galactic noise are included.
Clearly there is a large difference batween
these two measurements part of which is due
to the measursments by NEEAP on & CDAA type
antenna rather than the standard short
vertical rod.

George Hagn of SRI International
provided this author with some conversion
factors which he obtained while making
noise measurements in Iceland(21)}. MNr Hagn
made noise measurements at the edge of the
ground screen of the CDAA antenna vith a
calibrated nine foot vertical rod and then
sade noise measurements through the CDAA
antenna to compare to the other
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measurements. He developed a rough set of
corrections that could be applied to noise
neasurements made on the omni-beam output
of the CDAA antenna. These are given in
Table 4. The way they are used is that
first the noise measurements in dBm are
converted to dB above 1 micro-volt by
adding 107(-107 dBm=0 micro-volts across a
50 ohm resistance). Then the antenna
correction factor is added. Finally, the
noise field strength is converted to F, by
using the relationship between F, and noise
field strength found in CCIR Report 322-
3{1) taking into account the receiver
bandwidth, which in this case was 3.6 kHz.

Table 4. CDAA to 9 Foot Rod Conversion
Factors

Fraquency Antenna Factor

MHz) dB/1 Meter
2.0 - 2.5 -3,t 6 dB
2.5 -~ 8.0 -23,% 8 dB
8.0 ~13.0 -15,¢ 8 dB
13.0-30.0 ~14, 8 dB

rigure 10 shows the results of appling
these antenna factors to the NEEAP
neasurements. The curve marked Guan-NEEAP
is the result of appling the antenna factor
disregarding the error term. The curve
marked Guam-NEEAP Adjusted has had the
upper limit of the error ternm added to the
antenna factor for 5, 20 and 30 MHsz.
Although the Guam-NEEAP curve is an
improvement over that show in Figurs 9 for
this case, the Guam-NEEAP Adjusted is an
even better improvement. Based on this
comparison, the measured noise at the other
five sites was adjusted using Table 4; for
5,7.%, 20, and 30 MHz, the upper error, 3
dB, was added to the antenna factor.
Figure 11 shows the results of the NEEAP
measurements with these antenna factors
applied. Curves for rural and quist rural
and qalactic noise are show for comparison.

In addition to providing man-made
noise measurement data for Guam, Shepard et
al.{9] also show the results of
neasurements made at Keflavik, Iceland;
Rota, Spain; and Bremerhaven, Germany.
Thase results are repesated hers as Figure
12.

7. DISCUSSION

Engineers and opasrational analysts vho
use these CCIR man-made models are faced
with the problem of determining whether any
environment is most like a U.S. business
area, a V.8, residential area, or a U.S.
rural area over a decade ago. The only
other alternative is to assume the
environment is similar to a quiet rural
area near one o? the quiet stations vwhers
the atmospheric noise data were gathered
over three decades ago. Hagn has provided
additional insight into this problem[22].

One problem already encountered in
this paper is the effect of the rsceive
site antenna on the measured or estimated
noise values. In fact in the case
encountered here additional data is needed
comparing CDAA antenna and short vertical
rod noise measurements. Hagn and
Shepherd[23] have provided some insights
into this problem of the effect of
different antennas on noise estimation and
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measurement; however, the problem is not
solved.

In the discussion of the simple
Gaussian model, it was assumed that the
median value of man-nade noise Fam was an
efficient estimator of the mean.
Sailors{24] has reviewed techniques for
estimating the mean and standard deviation
of a parameter from its quantiles. Results
using these techniques were compared to
that obtained from estimating the sample
means and standard deviations from data
sanples of man-made noise. For man-made
noise modeling, it was determined that the
mean could be estimated to an accurucy of
0.1 dB using the expression Fg, + 0.237(D,
- D3). In the example givcn h Pivures 4
and’5, the median noise was 36.46 dB. The
value of the mean using this expression is
37.43 dB. This compares to 37.5 dB given
by the simple Gaussian obtained from the
chi-square.
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Figure 9. Comparison of man-made noise
measurements at Guam made by Stanford Research
Institute (SRI) on a short vertical rod with
data measured by the Naval Electronics
Engineering Activity, Paclfic(EEAP) on a CDAA

antenna,
o Guam-SRI
0 Guom-NEEAP
v Quiet Rural
¢ Golactic
4 Guam-NEEAP Adj

2 . ety . —

]
¥

o [

el ]

o

}_ov

X

N

oo

x‘m

£

o

(o]

o

o

frequency—-MHz

Figure 10. Comparison of man-made noise
measurements at Guanm made by Stanford Research
Institute(SRI) with data measured by the Naval
Electronics Activity, Pacific(NEEAP).

oot~ A Sy




R B g

N
P ,«"-’:‘gf“' g,:g

17-12

Adak
Diego Garcia
Guom
Honolulu e
San Diego
Stockton
Rural
Quiet Rural
~ Galactic

rPBOeED>OQC0DO0C

Fom—dB/KT
0 10 20 3“6‘2%/5‘6 60 70 80

e F PO W0 S TP U SO0 B SR T U ——— 3 1

15 2 3 4 85 67 15 2 34
Frequency—-MHz

rigure 11. Man-made noise environment at sites in
the Pacific Ocean.

R LIRBURRAEAL I T 1T TTTIT
LJ F LOCATION A —
PARKING LOT OUTSIDE COAA,
ROTA, SPAIN
Wi -
>l _
0i- -
' ANTENNA C
| BAEMERHAVEN,
i Py LOCATION 2 GERMANY _
- WEAR AN/GAD-6
HIGHBAND}
KEFLAVIK, ICELAND
0 -
20k -
" Lt eppnl eyl A RN
0.1 1 10 100

FRAEQUENCY —— Mitz

Figure 12. A comparison of F,, at quiet
locations{9].

———— Lt e gk Koty

s
3

5

———r

e SR Vg S o e W g R A LA FNASRIE SR RN

N




e P - — s men o measaehm KA

e——— - o me————h e - - N -+
- - — e e

- 17-13 i

DISCUSSION

John S. BELROSE )
I wonder what sort of "ground-plane” was used with the 9-foot rod that you :
used to make the radio noise measurements ? Stimulated by 2 CCIR interest
to measure HF field strenghts imploying a short vertical whip, we (at the
Communications Research Centre, Ottawa) have made a study (which is still
ongoing) to determine how the antenna factor depends on ground
conductivity and on the type of "grounding". We have made measurements
using a short active whip fed against a support rod. The support rod was : 1)
grounded by a ground stake ; 2) fed against a radial ground screen, having
radials of various numbers and lengths, and elevated at different heights ; 3)
isolated from ground (a dipole) ; and 4) employing an Uffer ground, a ground
rod enclosed in concrete. The concrete remains damp and provides a more
stable ground, than a ground rod. The antenna factor depends on all of the
above parameters.

AUTHOR’S REPLY
One attempts to have a short antenna over perfect ground. In the case of the
9 foot vertical rod referred to in the paper, Shephard et al. [9] used a nine
foot rod on a 2-ft diameter aluminum base ; this itself was then mounted on
top of a van. SRI made a considerable effort to verify that the antenna was in
fact a short antenna over perfect ground.

ADDED COMMENT - George H, HAGN
The 9-ft rod on with a 2-ft aluminum base mounted on a vehicle roof was
calibrated for 2 vehicles in 1972 in Iceland. The groundwave antenna factor
was measured to be -2,8dB(m™") for a small van and - 1,6dB(nt") for a small
Volkswagen for the entire HF band. One should always calibrate the antenna
as used, wherever possible to reduce this source of error ?
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R.M. HARRIS, UK
You mentioned a report which studied man-made noise at altitude. Do you
know if they measured conventional atmospheric noise as a function of
altitude ? I do not know of any such work having seen reported, do you know
of any ?

AUTHOR'’S REPLY

In the frequency range from 25 to 70MHz, covered in the work of Roy [18-
19], atmospheric noise is not as important a source as is galactic noise and
man-made noise. John Herman may have reported some studies of
atmospheri¢ noise at satelite heights and a person who I think is named Art
Mille of Convair Corporation may have reported the measurement of noise
measured by an airplane as it approached Akron, Ohio. In the latter study the
noise measurements were peak noise rather than r.m.s. noise.

ADDED COMMENT - George H. HAGN
Atmospheric noise from lightning in the frequency range 25-70MHz
propagates primarily by line-of-sight (LOS) from active storm cells. Its
variation with altitude should be small once the LOS geometry is achieved.

E. ANAGNOSTAKIS
Mr Sailors, could you, please, elaborate a little more on the choice of the
number of degrees of freedom in the case in which you employ the chi-square
technique for determining the gaussian parameters of your interpretation ?

AUTHOR'’S REPLY

In the case in which the chi-square technique is employed to obtain the
Gaussian parameters, the degrees of freedom are determined exactly as
would be used to find the degrees of freedom for the chi-square model.
Reference [13] given in the paper gives further details on how to obtain the
degrees of freedom for the chi-square given the median and upper and lower
decile. An algorithm to do this is contained in the HFMUFES IV HF
predict’ » arogram.
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TOWARD A GLOBAL MODEL OF HF
OTHER-USER INTERFERENCE

G.H. Hagn
Information & Telecommunication Sciences Center
SRI International
1611 North Kent Street
Arlington, VA 22209

ABSTRACT

Information on other-user interference (sometimes called co-channel
interference) is important in predicting the performance of HF systems.
For many systems, especially frequency-hopping communications systems,
other-user interference can be a greater problem than man-made noise

from incidental radiators (e.g., powerlines) or atmospheric noise from
lightning. We currently have a set of local environment models for
man-made noise (CCIR Report 258) for business, residential, rural and
quilet rural areas and a worldwide model for atmcspheric nojse from
lightning (CCIR Report 322). However, there are no worldwide or regional
models for HF other-user interference. This paper will describe a method
for development of a regional model for HF other-user interference in
terms of congestion for allocated bands (e.g., fixed, mobile, amateur,
etc.). Congestion is defined as the fraction of the channels in an
allocated band of contiguous channels with detected energy exceeding a
specified threshold. A global congestion model might eventually be
achieved as a combination of regional models.

occupancy of individual channels and congestion of allocated HF bands
vary with type of service, frequency, time of day, season, angle of
arrival, type of receiving antenna, receiver bandwidth, threshold,
geographic location and sunspot number. Researchers at UMIST,
Manchester, UK, have noted the large variability of the occupancy of
individual 1~kHz channels; however, by aggregating contigquous 1-kHz
measurements across individual allo:ated bands, they have also noted the
stability of the statistics of HF bands and congestion for a given time
of day and season (e.g., winter, noon). UMIST also has successfully
modeled band congestion at one location (Gott, et al., AGARD-CP-420,
Lisbon, 1987). A method of extrapolating the empirically~based UMIST
statistical model of band congestion from a point (e.g., one receive
site in the UK) to a region (e.g., Europe) will be described. The model
coefficients would be derived from measurements at locations in NATO
countries separated by about 500 km (or a distance determined by a
correlation test). The coefficients for the regional model for a given
arbitrarily chosen location, would be derived by interpolation. The ap-
plicability of the regional modeling approach to the wevelopment of a
global model for HF band and congestion (analogous to the CCIR Report
322 worldwide model for atmospheric noise from lightning) will be
discussed.
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; DISCUSSION §
ICA FUERXER } T
Why we do not define a model based on the description of a transmitter, the . '.
propagation and the activity to find the head lines of the problem to solve. It : !
: could be the opportunity to specify the measuring system specifications and °
) the way to validate the model in Europe. ‘
’ AUTHOR’S REPLY

I believe that a propagation model can be used to gain insights by running it '
for known transmitter locations and characteristics. I do not think that the

International Telecommunication Union has an accurate or complete enough

data base of HF assignments and equipments to generate the basic model.

An empirical data base is needed to define the model that is the subject of

this paper.

C. GOUTELARD, FR
Il s’agit d'un commentaire qui s'inscrit dans la discussion présente. Tout
d’abord il me semnble que les prévisions des interférences doivent &tre  court
terme, car aux variations ionosphériques s’ajoutent les variations dues aux
utilisateurs et dont la variabilité est bien plus grande.
Ensuite, il me semble que I'on a de bonnes raisons d’étre optimiste sur la
stabilité du spectre. En effet si l'on doublait, ou si I'on divisait par 2 le
nombre d’émetteurs existant sur terre on n’obtiendrait qu'une variation de
3dB du niveau moyen du spectre HF,
Enfin, je pense que les études 3 mener ne doivent pas &tre menées en
s'interrogeant sur le colit d’un tel systeéme. 1l faut le faire de toute fagon.

AUTHOR’S REPLY
The cost must be considered when determining if a regional (or global)
model is practically achievable. The distance correlation data available now
indicate that sampling can be done at a spacing greater than 500 km.

Therefore, a regional model for Europe seems practical from an economic
stand point. :
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MODELISATION SPATIO-TEMPORELLE
DES INTERFERENCES ELECTROMAGNETIQUES H.F.
EN EUROPE OCCIDENTALE

T. CANAT, J. CARATORI, C. GOUTELARD
LETTI - Université Paris-Sud - Orsay - France

<000 -

I. - INTRODUCTION -

L’encombrement spectral de la gamme des ondes décamétriques prouve son exploitation permanente
par de nombreux utilisateurs. Dans ce spectre, qui s'étend de 3 2 30 MHz, 'importance des interférences
est trés grande A cause des puissances utilisées - certains émetteurs ont des puissances d’émission de

IMW - mais aussi & cause des conditions de propagation qui permettent de grandes portées avec de
faibles pertes de puissance.

La qualité d'une liaison est caractérisée par son rapport signal/(bruit + interférences). On s'est
beaucoup penché, durant les années passées, sur le calcul et la prévision de la puissance du signal. Les
caractéristiques variables de ionosphere, liées A Yindice d'activité solaire dont on posseéde des valeurs
suffisamment précises depuis 1730, ont incité les chercheurs & définir des méthodes de prévision. Ces
méthodes dont P'efficacité est connue permettent, avec des temps de préavis variables, de donner
satisfaction aux utilisateurs.

Cependant, la qualité d'une liaison dépend tout autant du bruit et des interférences, méme si ce terme
apparalt au dénominateur d’un rapport. Le bruit et plus encore les interférences dépendent des
conditions ionosphériques et sont donc fonction du temps et de P'espace. D'autres causes de variations
existent, liées notamment 2 la densité des émetteurs dans la zone de plusieurs milliers de kilometres qui
entoure le lieu de réception. Ainsi, Pencombrement spectral est beaucoup plus important en Europe
qu'en Amérique, qu'au coeur de I'océan pacifique...

Une vision plus large des prévisions jonosphériques consiste & prévoir, non plus seulement la puissance
du signal requ, mais la valeur compldte du rapport signal/(interférences + bruit), qui, comme il vient

d'¢tre dit, ne dépend plus uniquement que de l'actwvité solaire, mais également de Pactivité des autres
utilisateurs.

La prévision de l'activité des interférences constitue une partie de cette présentation, mais cette

prévision doit &tre complétée, pour les systémes modernes, par une évaluation des variations spatiales
des interférences.

Lutilisation d’antennes directives et le traitement du signal par les antennes permettent de réduire
influence des interférences par la discrimination de leur direction d’arrivée. Ainsi, I'étude de la
répartition des interférsnces en fonction de Pazimut devient une connaissance A priori utile pour la
conception des systémes.
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La variation spatiale des interférences concerne 2 la fois leur prévision et 'élaboration de syst2mes &
grande base utilisant la diversité d’espace. En effet, un systtme de prévision des interférences doit
prendre en compte 2 la fois les variations temporelles et les variations spatiales, de fagon 2 établir le
temps de préavis optimum et le maillage spatial le moins cofiteux limité par un coefficient de corrélation
minimum entre les points d’'une maille. Ces considérations sont examinées dans une seconde partie de
cette présentation.

Les résultats présentés s’appuient sur un ensemble de mesures d’environ 60 millions de points. Ces
résultats ont été obtenus avec des systdmes informatisés, seuls capables de permettre un traitement
complet. Deux systémes ont été congus. Le premier, relativement lourd, a permis d'effectuer des analyses
trés fines, le secoad plus léger est constitué par des systémes identiques transportables utilisés pour
Pétude des corrélations spatiales.

Ces systémes sont décrits dans la premigre partie de cette communication.

Les résultats d'une telle étude sont exploités dans un projet de réception 2 grande fiabilité utilisant une
base de réception étendue A diversité.

1L - SYSTEME DE MESURE. -

L’étude du spectre H.F. montre que la différence entre le niveau de I'émetteur le plus puissant et le
niveau du bruit de fond, atteint couramment 100dB, voire davantage. Une telle variabilité impose des
contraintes sévéres A I'appareillage de mesure. Celui-ci devra posséder 2 la fois : une grande sensibilité,
de mani2re 2 pouvoir mesurer effectivement le bruit plancher, ainsi qu'un point d'interception d’ordre 3
éievé, de fagon A permetire la mesure du nivean du signal le plus intense, sans engendrer
d'intermodulation. Sa dynamique doit donc &tre aussi grande que possible.

Le spectre H.F. évolue aussi en fonction de I'heure et de la saison, aussi I'appareillage devra-t-il
permettre de relever et d’enregistrer, de fagon automatique, un grand nombre d'échantillons couvrant

I'ensemble des situations possibles. Il devra donc &tre programmable via un ordinateur.

Dans le but de faciliter P'étude expérimentale du spectre H.F,, le LETTI a développé deux syst2mes de
mesure répondant chacun 2 des criteres spécifiques.

Le premier d’entre eux, dont la figure 1 représente le synoptique, a été congu dans le but d’effectuer des
mesures de grande qualité, & poste fixe. Hl se compose

- D’un analyseur de spectre synthétisé et programmable Marconi 2382,
- D’un ordinateur HP 9000 type A330 équipé d'un disque dur de 40Moctets.

- D’un "tiroir mesure” programmable et étalonnable, destiné & améliorer les
performances globales du systéme.

Le tiroir mesure contient essentiellement :
- Des commutateurs permettant de sélectionner le signal 2 analyser : charge 50 o ou
générateur en mode étalonnage, antenne active ou réscau 2 balayage électronique en

mode mesure.

- Une batterie de filtres passifs passe-bande de largeur un demi-octave, destinés A
€liminer les produits d’intermodulation d’ordre 2.
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- Un ensemble d’amplificateurs large-bande, fort-niveau, faible-bruit, et d'atténuateurs,
dont le role est de fixer le facteur de bruit, donc la sensibilité de la chaine.

Ce systéme posséde une sensibilité maximale d’environ -140dBm pour une largeur de bande de 1KHz
(facteur de bruit F = 4dB), une dynamique maximale de 85dB et une dynamique totale de 140dB, ce qui
assure, dans tous les cas, d’excellentes mesures,

Le second systéme a €t€ congu dans le but d’étudier la corrélation spatiale des futertérences. La nécessité
de transporter fréquemment le matéricl a orienté le choix vers un syst¢me compact et léger. La figure 2
montre que la chaine de mesure se compose

- D'une antenne active AFT2.

- D’un récepteur de trafic synthétisé et programmable NARDEUX T-264, capable de
mesurer le niveau du signal, et de la transmettre 3 un calculateur via un bus IEEE-488.

- D'un calculateur associé 3 un lecteur de disque souple.

Ce systéme posséde une sensibilité un peu moins bonne que celle du systeme fixe, et sa dynamique est
beaucoup plus faible. Cependant, Futilisation du circuit de contréle automatique du gain (C.A.G.)
permet de bénéficier d'une dynamique totale supérieure 3 100dB, ce qui est amplement suffisant pour
Pétude comparative des interférences seules.

Dans les deux systémes, un programme de mesure permet 3 P'ordinateur de =
- Fixer les paramétres.
- Lancer une mesure 2 l'instant prévu.

- Acquérir les résutlats et les convertir en ASCH (ce qui réduit considérablement le
volume de données & stocker, et augmente 'autonomie).

- Stocker les résultats sur disquette, sur disque dur ou sur bande selon le cas,

1l faut noter que, du fait de 'évolution de I'ionosphere, et plus particuli¢remen: de Pabsorption, le niveau
des signaux requs évolue au cours de la journée. En conséquence, le programme adapte
automatiquement les caractéristiques de la chaine de mesure & celles des signaux analysés, assurant ainsi
en permanence des performances optimales.

Enfin, selon la fréquence des mesures et la nature du support utilisé pour le stockage des données,
P'autonomie se situe entre quelques jours et quelques semaines.

HI. - ETUDE SPATIALE DES INTERFERENCES -

Les études présentées s'inscrivent dans une étude plus vaste qui a porté sur le bruit et sur les
interférences [1).

Les mesures 4 azimut vanable, effectuées pour étudier la distribution spatiale du bruit et des
interférences, ont été réalisées 2 ia station STUDIO (Systeme de Traitement Universe! et de Diagnostic
I0nosphérique), située 4 40 km au sud de Paris. Cette station dispose d’un réseau plan d’antennes
biconiques 2 balayage électronique, couvrant environ 1 hectare, dont le lobe de rayonnement peut étre
orienté dans une direction quelconque (figure 3).
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Les spectres observés dans la bande 3-30MHz sont bien connus et les variations temporelles et spatiales
sont illustrées par les enregistrements de la figure 4,

IIL1. Bruit ef interférences

La distinction entre le bruit et les interf€rences a été faite A partir de la fonction de densité de
probabilité d’amplitude du signal requ dans une bande de fréquence définie.

La méthode de mesure utilisée est illustrée par les courbes de la figure S, résumant les
traitements effectués sur des analyses spectrales de SOKHz obtenues avec des résolutions de
300Hz. La figure 5.a, qui représente la densité de probabilité de bruit p,(x) du systéme de
mesure fait ressortir une distribution de Rayleigh parfaitement conforme 2 la théorie =

R = e s (1)
oll q, est lié 2 Ia valeur quadratique moyenne o, du bruit par la relation x

ol= ¢ (2)
Lorsque x tend vers zéro, il vient

log p(x) = 0,1 x4 ~ 0,1 0, = 0,94 (3)

dB

Cette droite asymptotique A a permet d'évaluer le bruit d'appareillage.

Les mesures donnent les densités de probabilités p,(x) dont les figures Sb et S.c donnent
deux exemples mesurés en France, au sud de Paris, avec le systtme d’aériens de la station
STUDIOQ, dans les directions Est et Ouest. On peut noter la différence importante qui existe
entre ces enregistrements, qui révélent des interférences beaucoup plus importantes dans la
direction Est que dans la direction Quest,

La distinction entre le bruit d’appareillage, le bruit atmosphérique et les interférences a été
effectuée en remarquant que les interférences ont des puissances supérieures au bruit et
apparaissent donc pour les fortes valeurs de I'amplitude. Pour les faibles valeurs, seul le bruit

et les interférences faibles subsistent et on retrouve une loi de distribution de Rayleigh
asymptotique 2 la droite

log p(x) = 0,1 x4 =0,1 G, ~ 0,94 (4)
Ladroite A est translatée par rapport 2 la droite Aa d’une quantité
8, = (0 - 0,) as (5)

1t devient donc possible de corriger I'effet d’appareillage et les enregistrements des figures 5.b
¢t 5.c montrent :

- Que le bruit composite (bruit + interférences faibles), est plus important dans la
direction Est que dans la direction Ouest.
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- Qu'au-dela du maximum de la courbe de densité de probabihité, la caractéristique de
Rayleigh disparait A cause des mterférences de fort niveau.

- Que la présence d'interférences de fort niveau est plus importante dans la direction Est
que dans la direction Ouest.

IIT 2. Répartition azimytale des interférences

Une étude de la répartition azimutale des interférences a été effectuée A I'aide du réseau de
la station STUDIO orientable tout azimut par commande électronique.

Le niveau élevé des interférences montre qu'il est possible de les évaluer par une simple
mesure de la puissance reque dans une bande d'analyse, la puissance du bruit étant
négligeable.

La procédure utilisée a consisté & effectuer une analyse spectrale puis A calculer 1a puissance
captée dans cette bande. L'affectation des bandes de fréquence aux différents services,
radiodiffusion, services fixes, services mobiles..., pose le probléme du choix de la bande
d’analyse. On a finalement choisi pour cette étude des bandes d’analyse de SO0KHz, IMHz et
SMHz sans chercher 2 distinguer les différents services, d'une part pour effectuer une
statistique sur un plus grand nombre de points, d’autre part A cause de la répartition
relativement uniforme des stations et de leurs puissances d'émission comparables. On a
cependant traité de fagon séparée les bandes englobant les stations de radiodiffusion dont les
puissances émises sont notablement plus élevées que les autres.

Les résultats obtenus sont illustrés par les diagrammes des niveaux requs de la figure 6 qui
représente les résultats d’'une évolution journalidre typique et enregistrés les 18 ot 19 février
1986.

Les bandes d'analyse choisies sont de 1IMHz et les niveaux indiqués représentent la puissance
reque normalisée 4 une largeur de bande de 3KHz, résolution de I'analyse spectrale.

Ces résultats montrent :

- Une évolution journaliére du niveau d'interférence qui fait apparaitre que la puissance
reque augmente la nuit pour les fréquences faibles alors qu'elie diminue pour les
fréquences élevées. Ces résultats sont évidemment liés directement aux conditions

ionosphériques qui, de jour entratnent une absorption importante des fréquences faibles
dans la région D, et de nuit abaissent les fréquences maximales utilisables 2 cause de la
réduction des fréquences critiques de la région F.

- Pour toutes les fréquences, le niveau d'interférence est nettement plus élevé vers 'Est
que vers 'Ouest. On note une différence moyenne de 10 2 15dB particulidrement
marquée 2 18 heures.

Ce résultat traduit en premier lieu une densité d’émetteurs plus grande a I'Est qu'a
I'Ouest, constat qui frappe I'évidence au simple vu de la carte d'Europe occidentale. En
second lieu, Paccroissement des niveaux d’interférence 4 18 heures peut &tre interprété
par la réduction de I'absorption par la région D pour les émissions issues de PEst.
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par les émetteurs situés 2 I'Est, résultats attendus, et qu'une augmentation de 10 2 15dB doit
&tre prise en compte dans l'élaboration des systémes. L'utilisation d’antennes directives, voire
d’antennes adaptatives doit étre considérée comme un moyen de lutte efficace contre les
interférences.
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U Ces résultats montrent que les interférences en Europe occidentale sont essentiellement crées z

111.3. Corxélation spatiale des interférences

La corrélation spatiale des interférences est importante pour les raisons signalées
précédemment, Des mesures effectuées simultanément sur différents sites ont permis de
rechercher les coefficients de corrélation des interférences en fonction des distances séparant
les sites.

Les mesures ont été effectuées en analysant, dans la gamme 3-30MHz, un ensemble de
bandes de 5 2 30KHz d’étendue selon les cas. On dénombre dans cette gamme une répartition
de 95 bandes affectées aux différents services. Le nombre de bandes traitées a été choisi soit
égal 2 95 avec des étendues d'analyse de 30KHz - cas Ie plus complet -, soit 50 bandes
d'étendueségales A SKHz.

La figure 7 représente quatre séries de spectres relevés simultanément sur deux sites, Pun 2 la
station STUDIO 1 de Paris, l'autre 2 ia station STUDIO 2 située au sud de STUDIO 1 2 une
distance de 450 km, Ces spectres sont relevés dans les 95 bandes définies précédemment et
chaque cnregistrement, effectué sur une durée de 1 heure, représente 15 spectres relevés
toutes les 4 minutes.

Ces enregistrements montrent ;

- Pour chaque site, la bonne corrélation temporelle que traduit la faible dispersion des
courbes,

- L'absorption des fréquences basses en milieu de journée,

- La bonne corrélation des spectres entre les sites STUDIO 1 et STUDIO 2.
Cette corrélation apparait également dans les variations temporelle des niveaux des signaux
relevés dans les deux stations, Les résultats de la figure 8 montrent des enregistrements

effectués durant 60 heures sur les sites STUDIO 1 et STUDIO 2 avec des bandes d'analyse de
30KHz dans les bandes suivantes :

- Radiodiffusion : 7200 KHz
- Service maritime mobile : 8657,5 KHz
- Service fixe et mobile » 6 882,5KHz
- Bande amateur fixe » 7 050 KHz

Ces résultats montrent qu'il existe une corrélation entre les niveaux requs quel que soit le type
de service observé. On peut noter cependant que la corrélation est fortement marquée pour
les bandes de radiodiffusion oll 'on note aisément la mise en service d’émetteurs & heure fixe,
Cette corrélation plus forte peut &tre interprétée par le fait que dans ces bandes la densité Jzs
émetteurs est plus faible et les puissances plus fortes .

Pour évaluer quantitativement la corrélation entre les niveaux requs on a utilisé les résultats
d’une expérience menée dans des bandes de SKHz peu contaminées par les interférences.




Une étude systématique de la corrélation entre différents sites a &té effectuée 2 l'aide de 3
stations situées au sommet d’un triangle dont les cdtés mesurent 500, 700 et 1000 km [2]. Un
choix de 50 bandes de fréquences, de SKHz de largeur, a d'abord été effectué parmi les
bandes repérées comme statistiquement peu contaminées par les interférences. Pour
discriminer I'effet azimutal décrit précédemment de I'effet présent, on a utilisé des antennes
directives orientées vers le nord. Les mesures ont été effectuées simultanément dans les trois
stations avec une précision supérieure 3 13 seconde.,

Les mesures ont é1€ exploitées en analysant le niveau S, du signal requ 2 la station k {1,2.3} et
en définissant par tranche d’analyse de 2 heures (figure 9) :

- Le nombre N, de périodes, appelées périodes claires, pendant lesquelles le seuil S,
demeure constamment inférieur 2 un seuil Sc choisi parmi 15 seuils distants de 3dB. On
appelle T, 1a durée de la k i¢me période claire.

- La durée totale du temps T, des périodes claires
Ta ™ F Ty (6)

- L’écart type o, de la durée des périodes claires.

- La durée moyenne D, des périodes claires

T,
Dy = Nf: N

De la méme fagon, on a déterminé les périodes claires T ,,,, durant lesquelles les niveaux S,
et S,, des stations k1 et k2 étaient simultanément inféricurs & S, ce qui a conduit 2 définir les
durées moyennes D, ., et Pécart type o,,,,, des périodes claires des stations prises 22 2 et
enfin la durfée moyenne D,,; et 'écart type 0.,y des périodes claires simultanées des trois
stations.

A partir de ces définitions, il a été déterminé les probabilités P,(S.) d’obtenir un seuil
inférieur & S_ dans chaque station et la probabilité P,, (S.) d'obtenir simultanément des
niveaux inférieurs & S_dans les deux stations.

On a alors défini un coefficient d'indépendance 1,,,.(S,) entre les stations qui prend la valeur
0 lorsque les variables aléatoires deviennent indépendan’es. Les résultats obtenus,
reprécentés sur la figure 10 montrent que le coefficient d'indépendance dépend du seuil S et
qu'il est supérieur & 0,9 pour un niveau supérieur a - 100dB.

It apparait donc, au vu de ces résultats, que sur des distances de 500, 700 et 1000 km la
corrélation entre les interférences est faible et pratiquement la méme quelle que soit la
distance entre les stations.

Ce résultat, obtenu sur des canaux sélectionnés pour le faible niveau statistique des
interférences, trouve une apphcation dans la transmission d'information a haute fiabilité [2]
utilisant une base de réception diversifiée de grande dimension.
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IV. - EVOLUTION TEMPORELLE DES INTERFERENCES -

Les données nécessaires 2 cette étude ont €t€ obtenues 2 la station STUDIO, grice au systdéme de
mesure fixe précédemment décrit.

IV.1. Acquisition des données

Plutdt que d'analyser la totalité du spectre H.F., nous avons jugé préférable d’étudier quatre
bandes de 500KHz, représentatives de la diversité des services de télécommunication
rencontrés. Le tableau 11 indique pour chacune des bandes retenues le découpage en sous-
bandes et les utilisations assignées par TULT. (Union Internationale de
Télécommunications).

Les mesures sont faites avec une résolution de 1KHz. Chaque spectre de largeur S00KHz
enregistré résulte du moyennage de 8 spectres individuels consécutifs. Les 4 bandes sont
analysées en moins de 2mn, ce qui permet d’enregistrer un bloc de 30 échantillons spectraux
en 1 heure. Ces blocs sont acquis au rythme d’un toutes les 3 heures (figure 12). Si on fixe la
durée d’une campagne de mesure A 15 jours, celd permet de constituer une banque de
données comportant prés de 58 000 000 points de mesure, ce qui constitue une bonne base de
travail pour I'analyse numérique de I'évolution temporelle des interférences.

1l est important de noter d'autre part, ‘que le systtme de mesure est étalonné
automatiquement avant chaque cycle d'une heure, afin d'assurer une qualité de mesure
maximale.

La figure 13 représente quelques exemples de spectres relevés & 00h et 2 12h T.U. le 24 juin
1989, qui mettent en évidence les variations du plancher de bruit et de la dynamique des
signaux.

1V.2. Diagramme d’occupation

Lintérét des diagrammes d’occupation est essentiellement de permettre la recherche des
fréquences claires. Utilisés conjointement aux prévisions de propagations, de tels diagrammes

constituent une aide précieuse pour I'établissement des plans de fréquence. It faut signaler
que GOTT et Cie [3] [4] [S] ont établi un mod2le de 'encombrement spectral dans la bande
H.F,, tenant compte de la fréquence de travail, du seuil d'interférence toléré et de indice
d'activité solaire. Ce modle cependant, ne permet que des prévisions a long terme, car il
n'inclus pas les variations saisonnidres des interférences. Le systtme de mesure que nous
avons développé est, quant 2 lui, plutdt destiné & I'étude fine de I'encombrement dans un
nombre limité de canaux.

Pour caractériser les évolutions temporelles de 'occupation, nous avons évalué, pour une
fréquence f, un seuil S et une henre h donnés, le nombre n de fois o le niveau du signal
dépasse le seuil fixé, cela sur une période de 15 jours. Le taux d'occupation croit bien
évidemment lorsque le seuil diminue, comrie le confirme les illustrations de la figure 14,
L’exemple choisi montre que 'émetteur étudié a cessé d’émettre entre 12h24 et 12h54, et que
lorsqu’il fonctionnait le niveau du signal capté était supérieur 3 -95dBm environ. La remontée
de Yoccupation au seuil -110dBm correspond au bruit d’appareillage et est donc non
significative.
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1V3. Probabilit de clarté

Les diagrammes d’occupation fournissent une probabilité moyenne d’encombrement sur une
période donnée, mais ne renseignement pas sur I'évolution temporelle de 'encombrement.
Afin de combler cette lacune, nous avons étudié Ia probabilité pour quune bande soit claire
pendant J jours consécutifs, au niveau S, et 2 une heure donn<£e,

Les échantillons d’amplitude relatifs & Iheure "h* sont rangés dans un tableau & 3 dimensions
AN p N, N,) dé1éments aj, t, f), avec:

- N, nombre de jours d'observation (N, = 15)
- N, nombre d'échantillons dans une heure (N, = 30)
- N, nombre de points de fréquence dans la bande analysée.

Le seuil S étant fixé, on forme un second tableau B(N p No Ny) dont les éléments b(j, 1, ) sont
tels que :

b, H =0 si ag,nH2zs

b, t,f) = 1 si a(j,t,f)<S
La probabilité pour que la bande soit claire J jours consécutifs au niveau S, est alors donnée
par:

LA R 183t
T bt
Jat tsl sl i3}

P(5,3) = W =3+ 1) KK ®

L’exemple de la figure 15 est typique de I'évolution de la probabilité de clarté. On notera que
1a valeur correspondant & J = 0 représente la probabilité de non-clarté, ce qui correspond au
complément de la probabilité de clarté sur 1 jour (J = 1).

On observe d'autre part, pour J 2 1, une décroissance régulidre et monotone de la probabilité

de clarté qui suggdre une loi exponentielle. Une analyse simple montre qu'il en est bien ainsi.
Posons :

-n, le nombre de canaux clairs J jours consécutifs dans la bande analysée.
-n,,, le nombre de canaux clairs J +1 jours consécutifs,
ILest évident que n,,, est proportionnel & n,, car les canaux encore clairs le J + 1 &me jour ne
peuvent &tre issus que de ensemble des canaux clairs J jours consécutifs. D'autre par, le
nombre de canaux clairs diminue nécessairement avec J. On peut donc écrire :

dn, =-A,.n,.d, ®)

o la constante positive A, traduit le taux d'extinction des canaux clairs. La solution de cette
équation différentielle est :

n, =exp(-A, J-B) (10)
¢t comme la probabilité de clarté est P(S,J) = n /N;, onobtient finalement :

P(S,J) = exp(- AJ-B) (11)
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Cette loi a &té vérifiée avec une excellente précision pour Pensemble des données disponibles.
De plus, I'analyse numérique des coefficients A et B en fonction du seuil S, a montré que
ceux-ci suivent aussi une loi exponentielle (voir figure 16), ce qui permet d'exprimer
finalement la probabilité de clarté sous Ia forme :

P(S,3) = exp[ - exp(- A{S- Ap) . J -exp(-B;S - By)] (12)

dans laquelle les coefficients Ay, Ay, By, By dépendent de I'heure et de la bande de
fréquence considérés.

Nous avons aussi étudié I'évolution de la probabilité de clarté, pour un seuil donné, en
fonction de I'heure. La figure 17 montre que la probabilité de clarté est, pour un seuil donné,
maximale & 12h00, et minimale vers 18h00. Les résultats obtenus traduisent A la fois
I'évolution des conditions de propagation (MUF, absorption), et les conditions d'utilisation
des émetteurs H.F. (arrét de certaines émissions la nuit, émissions plus nombreuses en fin de
journée). Les mémes graphes montrent d’autre part qu'une période de mesure de 7 4 10 jours
suffit pour permettre I'évaluation des paramatres A et B entrant dans la formule donnant la
probabilité de clarté.

1V.4. Prévislon des fréquences claires

La modélisation des interférences permet d’envisager une prévision A court terme des
fréquences claires. Unc méthode simple consiste & mesurer I'encombrement spectral pendant
J jours, puis & utiliser Pinformation acquise pour estimer 'encombrement au jour J+ 1.

Dans ce but, nous avons défini la probabilité C(S, J) pour qu'une bande claire J jours
consécutifs soit claire le J+ 1 2me jour. Pour calculer Pindice de clarté C(S, J), définissons »

-EJ I'événement : bande claire J jours consécutifs au seuil S
-Ej+1 I'événement : bande claire J+1 jours consécutifs au seuil S
-DJ+1 I’événement : bande claire le jour J+1 au seuil S lorsque les J jours
précédents sont clairs.
Onaalors:

Prob(D,et E;)

€(5,3) = Prob(D,, si E) = Brob (E;) (13)

or:
Prob(D,, et E;) = Prob(E,,)) 14)

d'od
c(8,3) = ?;bb(fé;‘)) = Pé?é‘?;}) (15)

La figure 18 montre comment évolue I'indice de clarté en fonction du seuil pour plusieurs
valeurs de J. Payr-des niveaux de seuil faibles, les courbes sont limitées par le bruit plancher,
Le décalage de Y'origine des courbes provient du fait que la probabilité de clarté diminue
lorsque le nombre de jours diminue.
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Si les courbes sont trds différentes pour les seuils faibles, elles ont tendance 2 se rapprocher
pour les seuils élevés. Les différences observées s'expliquent par le fait quaux faibles niveaux
c'est le bruit qui joue le rdle principal, alors qu'aux forts niveaux ce sont les interférences. Or
le modele adopt€ ne s'applique qu’aux interférences. Si on se limite 2 la gamme de validité du
modele, et si on introduit dans C(S,J) I'expression établie précédemment pour P(S,J), il vient :

C(SJ) = expl(-A) = expl - exp(-AS - A,)] (16)

11 apparatt que l'indice de clarté est indépendant du nombre .de jours d’observation, et ne
dépend que du seuil S, pour une bande de fréquence et une heure données. La figure 19, qui
représente les graphes calculés et théoriques (expression 16) de C(S,J) pour S compris entre -
110 et -85dBm, confirme la validité du modele précédent.

V. - CONCLUSION -

La bande des ondes décamétriques demeure encore I'une des plus utilisées ; cependant, la qualité des
liaisons de,'end du rapport signal 2 bruit plus interférences et non du seul rapport signal & bruit.

Si des prévisions ionosphériques permettent de prévoir avec une bonne probabilité I'intensité du signal
regu, peu d'études ont ét€ menées sur la possibilité d’effectuer des prévisions sur les interférences.

Comme pour les prévisions ionosphériques, il ¢st possible d'envisager des prévisions 2 long, moyen, ou
court-terme. L'étude présentée montre qu'il existe A la fois une corrélation spatiale et une corrélation
temporelle des interférences. Pour chacune d'elles, des lois de prévision peuvent &tre établies au vu des
mesures effectuées. Les relations empiriques obtenues sont susceptibles d’&tre interprétées A partir de
mod2les théoriques simples.

Ces résultats doivent &tre considérés comme un encouragement & poursuivre les études de modélisation
et de prévision des interférences, a Péchelle locale comme A I'échelle planétaire. Pour que ces études
aboutissent, il serz nécessaire de définir en premier lieu un maillage pour P'échantillonnage spatial, et
une périodicité pour I'échantillonnage temporel, déterminés & partir de la précision des prévisions
souhaitées.
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Bande 9.8 ——— 10.3 MHZ
9.800 —— 10.000 MHz : service fixe
10,000 ~———— 10.100 MHz : service aéromobile
10.100 —-—— 10.300 MHz : service fixe
Bande 11.9 —— 12.4 MHZ
11,900 ——— 11.975 MHz : service radiodiffusion
11.975 —=—~ 12.330 MHz : service fixe .
12.330 —— 12.400 MHz : service mobile maritime
Bande 15.4 —~~=— 15.9 MH2
15.400 ——— 15.450 MHz : service radiodiffusion
15,450 ——— 15.900 MHz : service fixe
Bande 21.1 ———— 21.6 MHz
21.100 —— 21,480 MHz : service amateur
21,450 ~—— 21.600 MHz : service radiodiffusion

TABLEAU 11 Composition des bandes analysées
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DISCUSSION

George H. HAGN
Data in your paper indicates there is a chance for a regional model for
congestion and for "anti-congestion". However, I am surprised that the decay
of clear channels is as slow as it is across the 15 days for which you showed
data.
Could you comment on whether you also were surprised by this relative
stability 7

AUTHOR’S REPLY
Il n'existe pas de canaux clairs durant plusieurs jours consécutifs, ni méme
durant un jour, dans la bande HF.
Les résultats présentés concernent la clarté obtenue sur une période
d’observation définie, dans I'exemple présenté, cette période est de 1 heure.
D’autres périodes ont été évidlemment analysées.
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Topology-Selective Jamming of
Fully-Connected, Code-Division Random-Access Networks

Andreas Polydoros
Communication Science Institute
PHEA414, EE De 7/Systems
University of Southern California
Los Angles, CA 90089-0272

Abstract — The purpose of this paper is to introduce certain
models of topology-selective stochastic jamming and examine its
impact on a class of fully-connected, spread-spectrum, slotted
ALOHA-type random-access networks. The theory covers
dedicated as well as half-duplex units. The dominant role of the
spatial duty-factor is established, and connections with the dual
concept of time-selective jamming are discussed. The optimal
choices of coding rate and link-access parameters (from the
users' side) and the jamming spatial fraction are numerically
established for DS and FH spreading.

1. Introduction

The throughput/delay performance of Code-Division
Random-Access (CDRA) spread-spectrum networks has
received wide attention in the past decade, pmicularlg because
of the military interest in mobile packet radio {[KaGrBuKu78),
[DaGr80), [Rayc81], {Jubi85), [ShTo85), [Purs87], [PoSi87].
Accordingly, the survivability of a Packet Radio (PR) network
under jammin%emack is an important issue, Conceptually, a
network could be attacked on three layers of importance, namely
the end-to-end network, link, and physical layers. In such a
jamming game, many factors could affect the results, The
communicators have the choices of routing algorithms, channel
quality monitoring schemes, and the network information-
exchange schemes. On the other hand, jammer choices include
temporal features (such as static, dynamic or follower jamming)
as well as topological features (i.e., selection of nodes or links
to be jammed).

The purpose of the present paper is to introduce certain
concepts on fopology-selective jamming and further examine us
impact on a certain class of "local” or "monohop” or "fully-
connected" networks, which we specify below, This particular
class of networks has been selected because there exists a
convenient analytic vehicle which adequately describes their
performance [PoSi87); thus, it provides a good starting model
upon which togolo:ical jamming can be defined and assessed
with a reasonable degree of analytic ease. We note, however,
that the following definitions of topological selectivity are quite
general and can be applicd to other models as well. We also
note that topolegical selectivity can be perceived as a
complementary notion to temporal selectivity, which pertains to
jamming patterns with different time-domain profiles but
homogeneous with regard to space. In other words, the jammer
can be ON or OFF in & deterministic or stochastic way but,
when ON, all nodes are jammed; the reader is referred to
[PrPo87] for a discussion of the latier case.

As mentioned, jamming with any particular selectivity
feature manifests itself on all three Iayers. Thus, it is not
immediately clear how the "local" or "monohop"” results of this
paper cught to be interpreted in a larger multihop environment,
especially in view of the fact that there does not seem to exist &
unique, widely accepted analytic tool for performance evaluation
in this case, Here, we choose to focus on the monohop model
because (a) certain networks are indeed quite adequately
described by this mode) and () it allows for certain conclusions
and assessment to be made. In particular, multi-receiver satellite
systems luying CDRA techniques [Wu84) or terrestrial
networks which either operate in smaller ranges or employ
hierarchical structures with dedicated repeater-nodes would fit
well the present model.

The 1 is organized as follows: first, in section 2, we
review thpea g;sic features of the network models. As we explain,
we will consider two distinet classes of networks: those with
dedicated transmitters and receivers, where no switching
between those two functions takes place (sections 3 — 5), and
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those with non-dedicated or half-duplex units, where nodes
indeed switch between the two functions sequentially in time
(sections 6 — 8). The reason for the distinction is that the
jamming parameters must be somewhat different for the two
possibilitics. So, a stochastic jamming model for the first case is
presented in section 3, followed by the corresponding
throughput/delay analysis in section 4. For illustrative purposes,
two particular examples (scenarios) of topology-selective
jamming are considered in detail. In this section, an efficient
combinatorial algorithm is also presented for the recursive
evaluation of certain important probabilistic parameters, an
enhancing feature of the theory in [PoSi87] in its own merit.
Numerical results for this section are presented in section 5. The
alternative network and the concomitant jamming model is
exgiained in section 6, while its analysis is presented in
subsections 6a and 6b. Numerical results and comparisons are
included ig section 7. The paper concludes with the discussion
in section 8.

2, Network Models

We identify in this section the particular monohop network
which we employ in the present study. As mentioned, the
monohop network environment under consideration is either
identical or closely related to the one analyzed in [PoSi87). In
particular, we assume an ubitrarﬁ collection of potential
transmitters (TRs) and reccivers (RCVRs) in a statistically
8 trical setup, namely, each TR faces the same probabilistic
circumstances in the channel; an analogous symmetry holds
from each RCVR's viewpoint. Furthermore, every TR can be
heard from every RCVR, in this sense, the network is fully-
connected. Time is slotted. The total number of nodes or units
under consideration is denoted by U (see Table 1, which is
borrowglg fr&l:) [:}?‘)Sis";]hmd summmm) izes the notation and
termino ughout this paper also).

W%yshould distinguish, at this point, between the
concepts of potential and active TRs or RCVRs, Any unit that
can and, at some time, will transmit, belongs to the set of
potential TRs whose fixed size is Ny; the same goes for potential
RCVRs (size Ng). The term "active” is reserved for those units
which indeed act in either capacity at a particular slot. For
random access, the number of active TRs in any slot is a rundom
variable (r.v.), denoted by My; thus, In general, My # Ny, On
the other hand, the picture regarding the number of active
RCVRs is a bit more complicated: if the network is built with
exclusively-functioning TRs and RCVRs, then active and
potential RCVRs are identical notions, i.c., Mg = N; we will
call this the dedicated model and address it in the following
section. The aforementioned satellite random-access application
would mostly fit in this category. Let us note that full-duplex
units constitute a special case of dedicated networks with U =
Nt = Np. In general, Np # N, such as in the single-star
[DaGr80) or connected-star topology. In many terrestrial
applications it is much more economical to deploy half-duplex
modems, which means that a unit will successfully alternate
between the receiving mode and the transmitting mode; it is not
dedicated solely to either one of the two functions, and it cannot
do both at the same time. This comprises the nondedicated-
modem network model, and we consider it in section 6. Of
course, hybrid models can be created with some dedicated and
some nondedicated units, but their analysis would be a
straightforward extension of the present one. Let us note agnin
that, in all cases, the number of active TRs My is a random
variable (0 S My < Ny) with an unconditional pdf fy(m) (see
Tabie 1).

The access protocol is of the slotted-ALOHA type with p,,
p, denoting the new-packet and backlogged-packet transmission
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probabilities, respectively [KILa75]. We shall assume a finite
number of TR's. No buffering will be assumed; thus,
transmitters are always busy (never idle with an empty buffer),
implying that they are either in the originative mode (with & new
packet) or in the backlogged mode (with a packet that failed
sometime previously); this is the standard model of [KILa75]).
For a network under jamming stress, the assumption of never-
Case of . b beig SiFcenty swong 1 4acp i nerwors
case of the jammer being strong to

busy most of the time. Furthermore, regardless of the mode
they are in, the TRs will be either active or inactive
(noatransmitting) in & particular slot, as we indicated previously.
If the units are half-duplex, they can receive during the inactive
periods; otherwise, they do nothing. A small summary of the
nomencllauue and status-classification of the units appears in
Figure 1.

Finally, regarding the spreading code distribution, we
assume cither & common code or TR-based code system, thus
mny excluding RCVR-based codes [SoSiu'is[‘SuLiSS].
f . The implication is that a TRs packet can be
sucoessfully by more than one RCVR, although it could
potentiaily contribute only one unit to the total success (or

) connt. We have termed such soenario competitive
to account for the TRs “effort” to secure some _RCVR’s

comparisons between the competitive and paired-
off cases within the jamming framework in section 5.

Let us now proceed with the development of the dedicated-
unit jamming model; the half-duplex case will just be an

3. Jamming of Dedicated-Unit Networks

Let us consider an arbitrary topology involving Ny fixed
mnmﬁmaMN.ﬂudme'i‘mu&dcdnmm
probabilistic symmetry condition, We adopt o g
probabilistic mode! for the jamming action: tlndmddmlniis
perfectly known to the jammer, so that perfect slot

(the cost of such an
can be dealt with in a way similar to D Wm
performs an independent action on a slot-by-slot

basis. In each slot, a random number of receivers, M{, is
selected for jamming out of the Ngtotgl-w'meleloction mtl:
specific independent slot-to-slot, so
no menry can be exploited by the users. Noie that the jammer
X o of‘xe dedicated mmwuéo, the
jamming pattem is assumed independent charnel state
(e.ﬁ. mgrmmbuofhckloued users), a realistic scenario for a
rapidly changing environment. However, extensions o a
¢! t scheme would also be of interest, possibly
necessitating 8 different probabilistic jamming model than the
one herein,

A particular topology-selective jamming strategy manifests
itself in the way the M} jammed receivers are selected. If we
define the binary-valued r.v.'s A); isl,...Np as

1, fRCVR;i ed
A{ -l R;is Jjammy (1)
then we can quantify topological selectivity by the joint
probability mls‘}dismbudonﬁxmuon
A
prlaT=a] SB{Al =y ALy ] @

where aj= 0 or 1; i = 1,....Nx. Thus, the experiment performed
b{ the jammer consists of drawing a random vector AT in each
slot, which ;hi:z identiﬁe;i:ll;e (pt:trgj‘t’e)d {tCVR'x. T;f‘he
assumption of independent t) plus any specific
distribution as per (2) completely determine the u’x’xderlying
probability space.

Associated with the above are two important parameters,
namely (a) what we shall call the spatial duty factor, [ defined
as (here, £{¢} stands for expectation)

B

P = —h ®

signifying the average fraction of jammed RCVRs and (b) the

jamming power per attacked RCVR per slot, Jrcyr, assumed

;’;xed throughout, which relates to the average jamming power
av 85

A o Jw)
Ineva(®,) = AP 4
RevR(Py) ) [NR] Pip @)

In the following analysis we shall assume that the jammer is
average-power-limited, i.c., J,y is constant and given. Thus,
varying the spatial duty factor induces the classical tradeoff
between percentage of jammed RCVR's versus the power Jaevr
(Psp) directed to each one of them. The functional dependence
of equation (4) on p,, is meant to enhance this point.

Definition (2) is fairly general and can serve as a starting
point for different probabilistic jamming options. Here, we
focus on two special cases which we shall call scenario 1and 2,
respectively:

Scenarip I: Each RCVR is jammed with probability py,
independent of any other RCVR. Then,
PrA’=3] = p'i (1 -pp"R 8 ®

where Za; 2 m(a) is the standard Hamming weight of the
binary vector 3. Note that m] () is simply the value of the r.v.
M} in that slot. Consequently, € { M{} = pNg, which simply
implics from (3) that

P ® By (Soemrio 1) ®

Scenario 2: The number of RCVR's jammed is fixed to NJ (2

given constant), although the specific subset changes randomly
every slot. Then,

PrfAT=a] = [ :E ]-l' mw « N

1))
0 , otherwise
regardiess of the exact location of 1'sin 3. Clearly,
3
Py by (Scensrio 2) 8)
]

Note that gy of (8) is restricted to multiples of Ny!, while py,
olSeewioTcan take on any valve in (0,1].

4. Performance Analysis

A network under the jamming model of the previous section
can be analyzed by generalizing the concepts in [PoSi87]. In
particular, we shall assume that the probabilistic symmetry
conditions of the above model are still truc and that the
g:obchlﬂtydiuﬂhxﬂonofﬁnnumb«ofmmmwﬂocm

uniquely determined, once the number of mem’ned

transmissions My = m and the specific jamming pattern A’ = 3
are given for that slot. We can evaluate the throughput

(packets/slot) as the expected number of successful packet
transmissions S, i.c.,

B = (5} = eyt {E(spera’) }
- Zrda’=al 6 {£((sMe0) }
= I‘IPr[A’-nl anmp'f(m.n) fug, (@) )

where fin(m) is the composite slot traffic (Table 1) and pT(m.a)
is the probability of success from a typical TR's viewpoint,

'vcnmdsu'(m-—l)rckeumda )lnming&nanlin
Eeslot. In deriving (9), we have used the fact that the r.v. My
(atempted transmissions) is independent of A/, since there is no

——— .
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coupling between the users’ and jammer’s actions within a slot.
ppon_mmhmgmpfog;llslummof tions i"ﬁﬁ); and defining the
Jjamming-average ility of success aTR's viewpoint,
conditioned on another (m — 1) packets, as

ol 2T ria’=a) flma) (a0
we arrive at
B = Zmplm) fiy(m) ay

which is a direct generalization of (42) in [PoSi87]. In orderto
proceed, we need to evaluate pl(m) and fyqy(m) for any
specific jamming strategy as per (2).

da. Evaluation of pJ(m)

In principle, p;(m) can be evaluated in accordance with

Proposition 1 of [PoSi87] (which is quite general and also holds
in this jammed scenario) as

m
1 ——
pm) = TZS Piim (122)
s=l
where

— A
Pim = 2 Pr[A'=alpyn, (12b)

15 the average (over the jamming strategy) of the probability

Pumal = Pr[s successes, given m attempted
transmissions and jamming pattern AT](13)

For the nonjammed scenario, [PoSi87] provides examples of
how to calculate pyy, in & varicty of situations in terms of the
number of RCVR's, their statistical dependence, etc. This can
be a very complicated procedure for arbitrary models; however,
a simplification occurs if one assumes that, conditioned on a
specific jamming pattern in a slot, each RCVR accepts packets
1n & statistically independent fashion from other RCVR's. This
assumption, which would obviously be valid if receiver thermal-
noise were the only deterrent, can be argued to be numerically
satisfactory even in the presence of multi-user noise because of
random spreading patterns, fading, random distances, ground

propagation and formation, etc. Then Py, can be evaluated in a
recursive way which we shall present in the following section,
since 1t is also required 1n the evaluation of fyy(m). Let us just

note here that, once this evaluation is completed, pr(m)
follows from (12).

Under the independence assumption outlined above, a

shorter path for evaluating pT(m) is as follows: Let pi(m.J)
and p}(m;J°) denote the probabilities that a typical RCVR will
accept a packet in the presence of another (m — 1) contending
ones, given that this RCVR is jammed (event J) or not (event
J%), respectively. Note that pﬁ(m;F) is identical to p}(m), as
introduced in {PoSi87). Here, because of the possible jamming,
we need to distinguish further and define these conditional
quantities. Then, using (10) and an immediate generalization of
Proposition 2 of [PoSi87), we get

pTm)=, P{A =a]

I J
( ph(m) )}Nrmnw ( PG}
Ji-fi- 1- ——)

m m
Ng

< 2, (M} =)
miso

R "r“‘; R my
{1 ) pA(m;f)] (1 _ 134(_*“2) (14)
m

3 -

m
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where M] is the Hamming-weight transformation (ar.v.) of the
random vector A’ Note the impact of the aforementioned
symmetry assumption, which implies here that all jammed
receivers suffer from interference of the same average power.

To illustrate, consider again the two scenarios of section 3.
We immediately have that

P(M]=m}) = A(mgNgsp,) : scemariol  (i50)
and

1, ifmp =N}

Pr(My =mp) = ;scenario2  (15b)
0, otherwise
which, when substituted in (14), yield

Py ()

1 [1 p.ppi(m;m(l—P.,’P‘}(uuﬁ)]"" ,

m
R Bp
mJ
1- [1—"“( )] [1- 2
m m )
(16)
Tt should be kept in mind that p{(m;J) above depends on p,p via

the jamming level Jrevr(psp). Note also that the result for
scenario 1 depends only on the jamming-average acceptance
probability

o 2o, pRmd + (1-py) pRm) (an

1-g|NR
pA“(m:J°)1 i

which is an intuitively expected result, because RCVRs are
jammed ind?endently for this case. Obviously, this is not true
for scenario 2.

For the specific protocol choice py = p, = p (which can be
described as "uncontrolled-ALOHA"), the composite traffic

fMT(m) is simply the binomial distribution A(m,Nrt,p),

regardless of any jamming action. For this limited case,
equations (11) and (16) suffice to determine throughput.
The more general and interesting case, however, is when py #
P: » Which we examine below.

4b. Evaluation of IMT(m) and Psim

Following closely the steps in [PoSi87, Appendix A, we
can evaluate M'r(m) a8

M
fy ) = ; %5(6) fygmap(mlb) (18)

where fyrp.(mib), the conditional composite traffic given b
backlogged users at the beginning of the slot, is evaluated from

fityas(mib) = ; A(m-n, b, p) A(n, Ny = b, ) (19)
max(0, m ~ b) S n $ mn(Np - bm)

with (pg, p;) the first transmission and retransmission
probabilities, respectively. Note that (19) is true regardless of

the jamming action. In (18), xg(b)  is the appropriate given
vector of the jammung-average matrix P = { Py },ie.

xg(b) = xg(b) P 0)
where
Np~i
= 2 AwgNr-ip
mosmu(o.j-l)_
1
. z A(mb,l, pl‘) ; (21)

my=max(0,-j) 1+l +my,

et e Py ey

| |
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1t is clear from (18), (20), (21) that knowledge of the sct

{ Pym } is fundamental in the evaluation of the composite
traffic. Assuming, as in (13), that all patterns 2 with the same
Hamming weight m} (2) result in the same p,y; ;, we can rewrite
(12b) as

Pim = %Pr[M{m{]pmi @2

In order to evaluate p,, 5, we shall assume that the Ng
receivers operate independently, conditioned on the jammirg
pattern. Let B! 2 {RCVR,, k=1,...m] } and R’ a
{rRCVR,, k=ml{+1....,NR}indicate that jammed and non-
jammed sets of receivers, respectively. Let pRk generaily stand

for the probability of acceptance from the kit RCVR's

viewpoint. Under the symmetry assumption for cach of the sets

R, RF, we then have that

" pR(m;)), if RCVR, € R! (k smB)
p =
A |pRm;Ie). if ROVR, € R (k > m))

Note that, in the present probabilistic framework, which
individual RCVRs belong to the sets is irrelevant, and their

ordering can be arbitrary; it is the set size m = dim K? that
counts.

A recursive way to calculate p,, 1 is the following: let
p?&‘mi denote the above probability of s successes, given m
attempts and m jammed receivers, which is due to the first k
receivers, k = 0,...,Ng. Clearly, the sought probability is
simply Py o0 L= p(":"“zn I We can first define

© 1, s=0

= (248
p"’“'"'ﬁ 0 , otherwise )

Now consider the first receiver RCVR,. Then
l-pil ,s5=0,m21

pﬁ:n)"m‘- 5! ,s=1,m21 (24b)
0 , s220rm=20
where ph has been defined in (23) as a function of m and m}.

Generalizing to the k! RCVR, we can use a standard
combinatorial method to conclude that

- Rk (k-1) =
-2 P, $=0
R sy Rl a-
® [(l—p‘k“(—m")PAk Plmen)
p:lm.m’R = TR
+(m=stl) i p:::n)m,k » 1S5S min (mk)
0 y § > min (mk)

(24c)
The recursion stops when k = Ni, Note that two different
quantities will be used in the place of pRk above, depending on
whetherk < mi’z ork >mJ, as per (23).

The above recursion can be used with any specific
jamming number ml’l to produce Py, and then, via (22),
Pam - U is also useful for calculating p,, in & nonjammed

environment (thermal and multi-user noise only), thus
augmenting the theory of [PoSi87]. Regarding our previous
two scenarios, we note that

- Anars wamn crn

pR(m;J), if RCVRy e K (k s mP)
PRk = . @3)
pR(m;J9), if RCVRy € RE (k> mf)

Note that, in the present probabilistic framework, which

individual RCVRs belong to the sets is irrelevant, and their

ordering can be arbitrary; it is the set size m} = dim K? that
counts.

A recursive way to calculate Pyn.n b is the following: let

&)

pllm.m{

attempts and m] jammed receivers, which is due to the first k
receivers, k = 0,..,Np. Clearly, the sought probability is

simply p,,.. )= p(::nk_)m I We can first definc

o0 _{’ rs=0 @)

denote the above probability of s successes, given m

wmamf " 10, otherwise

Now consider the first recciver RCVR,. Then

l—p:‘ ,s=0,m21

LR g S - -
Pimmg = | Pa L s=1,mz21 (24b)
0 , s220rm=0

where pR1 has been defined in (23) as a function of m and m}.
Generalizing to the k'* RCVR, we can use a standard

combinatorial method to conclude that
(-0 P \s=0
T il o
"l (mtrl) i p:‘_‘;;')“m{‘ » 155 S min (mk)
0 »$ > min (mk)

(24c)
The recursion stops when k = Nx. Note that two different
quantities will be used in the place of pik above, depending on
whether k S mf or k> m}, as per (23).

The above recursion can be used with any specific
jamming number m} to produce p,. | and then, via (22),
Psim + [t is also useful for calculating p,;,, in & nonjammed
environment (thermal and multi-user noisc only), thus
augmenting the theory of [PoSi87). Regarding our previous
two scenarios, we note that

Pum = pﬁ'&i ;

scenario 2 (25)
which is a direct result of (15b), (22) and (24). For scenario 1,
it can be shown that p,,,, can be obtained directly from the
recursion (22&::., substitute pﬁ"“l for p® and identify

p(:::.) = D) so long as we use the jamming-average

acceptance probability pR(m) of (17) instead of pR%. This is
also an intuitively appealing conclusion, in view of the fact that
allRCVRs are mutually independent and statistically identical
under scenario 1, cach described probabilistically by pR(m) .

Itis instructive to compare the above analysis for topology-
selective jammung with the dual concept of temporal selectivity.
We take this issue up in the following section.
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4c. Comparison with Temporal Jamming

In our terminology, temporal implics & pulsed (blinking),
two-level (ON-OFF) jamming pattern which, wher ON, covers
all local receivers under consideration with the same power
Jrcvr. Let pyindicates the temporal duty-factor of the jammer,
It represents the long-term fraction of time that the jammer is
ON, as well as the probability that a randomly observed slot will
be found in the jamming state. As explained in [PrPo87], a
variety of jamming waveforms can be constructed which have
the same Py, but different sample paths. In essence, one can
vary the length (in slots) of the ON or OFF sessions by different
p:i\;abilistic mechanisms, yet keep p, fixed.

The two extreme cases, from a temporal variation or slot-
correlation viewpoint, are (a) a long-term jammer, which stxys
in the same ON or OFF state for very long (practically infinite)
interv. 's of time and (b) a slot-by-slot independent jammer with
jamming probability p,. The mathematical model for (a) is that
of initially choosing between & "good" channel and 2 "bad"
channel with probability pyand (1 - p,), respectively, and
staying there forever. In all cases, we can express total
throughput as

B=pBy+ (1 - P)B)e 26)

where the different temporal jamming strategies manifest
themselves in the way we evaluate the conditional throughputs
By and Byc. For the long-term jammer, it is immediate that

By = L mpf(m) gl )s J=Torre )

where the symbol 7 is used as & jamming index; thus, (26) is
easily evaluated, virtually by analyzing a multiple-access channel
in two different interference levels.

It can be argued that (27) holds for all cases with finite
jamming block size, exactly as (26) does, except that fy(m].J)
should be interpreted as the conditional stationary distribution of
transmitting users, evaluated for the state- 7 slots only (7 = J or
I°) . In other words, fy(m|.7) represents the probability of
having My = m traismissions in a "typical” or ndomly-chosen
slot, assuming we only look at those slots of status 7.
Unfortunately, evaluation of these two conditional stationary
distributions {s not trivial, necessitating the solution of 2
composite Markov chain of size which grows very quickly with
complexity; the interested reader is referred to [PrPo87). There
l? ltl%we'\;z. m cuncd:vhich is signiﬂfcamly sli,mpler. nln_l\g}{z the
slot-by-: nt jamming of case (b) above. n,
linle d{oughl willzvul that i ® '

frar(ml)) = fyep (i) = fep(m) @3

meaning that any slot is a “typical” slot, regardl=ss of whether it
belongsto a J:mmed oc nonjammed block. This is precisely so
by virtue of the memoryless of the jammi gmechanism
from one slot to the next. Substituting property (28) into (26)
and (27) (recall that the latter two equations hold for any
scenario), we arrive at

BeX @ fnw @9
where
T £ o+ (1-p) it (9b)

is the temporal jamming-average probability of success.

Equation (29) is formally identical 10 (10)-(11), the apparent
difference being that averaging here is performed over the
temporal profile of the jamming gmcess. as sed to the
spatial jamming profile of Section 3. The root of the similarity
is, of course, the fact that the jamming decisions are inde; nt
fmm_s}ox o slott._ them;me. itis nc;tﬂha_rd 10 see that thxb:
special case of memoryless temporal jamming can

gtmcwork

reformulated in the topology-selective by letting
) yifag=1foralli

PrA’ =al={1-p, ,ifa;=0foralli (30)
0 » Otherwise
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since a substitution of (30) into (10) will immediately yield
(29b).

The last step for case (b) regards the evaluation of fpp(m)

in (298). If we incorporate the above conceptual linkage of
equation (30) into the procedure outlined in section 4b for
spatial jamming, we immediately conclude that fyg(m) can be

obtained from (18) - (21), with the temporal average
Pam = PPy st (1 =P e @y

resulting from substituting (30) into (22). This is quite a
convenient simplification which, as we mentioned, does not
occur for jamming patterns with slot memory.

5. Numerical Results

As we mentioned, our main interest in this study is the
topological aspects of the jamming threat. Thus, in the
subsequent discussion, we shall assume some simple signal and
jamming formats, namely full-band jamming (which can either
be noise or spread tone) with (a) coded Direct-Sequence BPSK
modulation and (b) Frequency Hopping MFSK modulation.
The probabilities of a acceptance pX(m;J) and pR(m;J©) are given
by

3 L
pam )= z ( P4 )pf,(m:.?) (1-p @4 I=Tor s
&0 62)

for an e-error correcting code of block length L (also assumed to
cqual the packet length) and hard-decision, bounded-distance

decoding. Here, p,,(m; ) is the channel symbol error rate,
given by (for case (s))

\ ,zec,
Pa(m;J) = Q[ Nt m:J)] 33
q

where
Ea =— _GM (342)
Ne@;)) Yig ¥ (M~ Doty + JRCVR(P-p)/S

Eq e Eh!li (34b)
Na@I9) 9 + (m - Do
and
Q) = —= J‘e"mdz 35)
VZx :
In the above equations,

Gbant & Wy (36)

is the time-bandwidth product per baud or symbol, v, is the
input _sig:x&;to-thcnnal-noisc ratio over the whole spread
s

4.8 ___B

NowWs  NouGrau
and Oy, is the multiple-access coefficient, which depends on the
cross-coerela*’ 3n between the particular multiple-access codes in
use. The numerical results are computed for 0ty = 1 and L =
1024. For the extended BCH code of block length 1024, the
number of correctable errors ¢ and the coding rate can be
approximately related by (Rayc 81}

T 1)

PE e — (38)

In Figures 2 through 4, we consider scenario 2 and plot the
normalized throughput rB(r) versus the spatial duty factor p
with py and p, as parameters. The ten-crror correcting code of

erremr =t =t P
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rate r =0.89 is used. We sec that if Gygyq = 13 dB, the worst-
case p, approaches 1 as p, and p, approach 0.5, whereas if

Geod = 20 dB, the worst-case p,,, stays around 0.5 for py and p,
Iess than 0.5. These observations can be explained as follows:
The multiple-access (muti-user) noise remains small in
comparison to the noise level, whenever Gy,,q is large or, if
Gpeyg is small, when the channel-traffic is light (implying small
values of py and p,). In such an environment, the worst-case
Psp is Iess than one (ie., selective jamming) because a
significant amount of power is needed per targeted RCVR in
order to cause decoding errors, despite the fact that the
remaining non-targeted RCVRs will mostly decode correctly.
For instance, at the minimum value of Figure 4, p§(5.)) =
19 x 102 whereas pR(5J°) = 1. On the other hand, if the
average multiple-access interference is large and is sufficient to
cause many erors on its own, the jammer is better-off spreading
the power evenly upon all RCVRs (p,l,-l). bringing about the
most damage on the total network with the small additional
jamming power allotted per RCVR, Of course, the same
uniform jamming strategy will be optimal for large jamming-
power levels regardiess of the multi-user noise level.

In Figures 2 through 4, we show the normalized throughput
versus the spatial duty factor p,;, parameterized by py. The
retransmission probability p, is optimized for the controlled
protocol in these three figures. We see that the effectiveness of
the worst-case jammer is slightly reduced for many cases by
optimizing p, .

In Figure 5, we show the normalized throughput versus the

jammer spatial duty factor p,,, with pg = p, = 0.3 for several
error-correction code rates. In the same ﬂ?uxe, we also show
the normalized throughput for the paired-off case. Notice that
the competitive scenario is more robust against the worst-case
jamming than the paired-off scenario.

In Figure 6, we show the normalized throughput versus the
jammer spatial duty factor p,,, parameterized by p,, for
Jamming scenario 1. The retransmission probability p, is
optimized in this figure. with Figure 4, we sce that
the worst-case jammer in scenario 1 is stightly more effective
than that of scenario 2.

In Figure 7, we show the average packet delay versus the
jammer spatial duty factor p,,, for jamming scenario 2. The
controlled protocol is considered and the retransmission
probability p, is optimized in this figure.

In Figure 8, we show the normalized throughput versus the
jammer spatial duty factor p,, for a Frequency-Hopping, TR-
based, multiple-access network. We note that certain constants
have been neglected in the normalized throughput £f}(r); in other
words, this should not be equated with the system utilization,
nor should the Frequency-Hopping performance be compared to
the direct-sequence one.

Let us now switch attention to the non-dedicated or half-
duplex scenaio.

6. Half-Duplex Nodes

The model we consider here is of the TR-priority type,
meaning that whenever a unit has a packet scheduled for channel
access, the transmitter-function takes over and an active
transmission ensues, blocking the receiving capability of the unit
under consideration at that point in time. If there is no
trensmission scheduled for a particular slot, so that the unit is
not an active TR in that slot, then it is set in the receiving mode.
It follows that the random numbers of active TRs (My) and
active RCVRs (Mp) are related by

Mg = U-M; (39)

Note that if U = My in a particular slot, implying that all units act
as TRs , then there will be no active RCVRs available to capture

the transmitted packets. The implications of such events will be
analyzed below.

. We will proceed with our analysis in two steps: first, we
discuss network performance when there is only multi-user
interference plus thermal noise (part 6a). Then, we shall also
address the jamming case in part 6b,

6a, Noise-Only Performance

When thermal noise is the only deterrent in addition to the
omni-present multi-user interference, then the required analytical
expressions are a straightforward extension of the results in
{PoSi87}, with Ny substituted by My, as per equation (39). For
instance, the basic equation (4) of {PoSi87, Proposition 1] for
the throughput B remains the same:

B = Emr By () f () @0)
myel

where now

R U-mp
_Palim (“‘T)) @n

T, =1
pr(y) 1(1 o

assuming, as in [PoSi87, Proposition 2}, independently
operating receivers and success per packet at most one.
analystic procedure for computing fMT (my) via the appropriate
Markovian model is identical to [PoSi87, Appendix AJ, except
that the fundamental set of probabilitics [p,.mr} should be
cvaluated based on mp = U —my . The tecursive algonithm of
section 4b also holds, except that the quantity Ny should be
simply substituted by mp which, given the quantity mpina
particular slot, can be considered fixed.

&b, Noise Plus Jamming

We adopt here the same stochastic, slot-by-slot independent,
topology-selective jamming model of section 3. Again, the
jamming status of the network in a particular slot is summarized
by the indicator vector Afj, whose (0,1)-valued components

Al; i=1,.,U indicate whether a unit is jammed or not, The
jamming strategy is again manifested in the joint probability
mass distribution function (pdf) Pr{A), = ay] of A, However,
there is a significant modeling difference in this half-duplex case
compared to the dedicated-RCVR case: we will assume that the
jammer does not know which units will be the active TRsin a
ﬁiven slot; consequently, he cannot know which are the active

CVRs in order to target only those. This is very different from
the previous case, where the set of dedicated RCVRs was
assumed fixed, known, and exclusively targeted by the jammer.
In the absence of similar information, the jammer will randomly
select & subset of units to jam in each slot, despite the fact that
some of that power might go wasted on active TRs within that
slot. The jammer has no alternative but to suffer this random
loss per slot. Of course, the jammer stifl has at his disposal for
optimization the probabilistic law Pr{A}; = ay}, and we examine
below this optimization aspect.

The first consequence of the aforementioned modeling
difference is the fact that the spatial duty factor p,, of equation
(3) cannot be defined explicitly here, simply because the number
of active RCYRs per slot is not fixed but random. Instead, we
define the half-duplex spatial duty factor pi3 as the average
fraction of the units jammed per slot, i.c.,

e{M]
pld = —-{-U—”-}— @)
where M{, is the r.v. signifying the number of such jammed
units per slot. This quantity is a direct byproduct of the

stochastic jamming law and can be chosen by the jammer in an
optimal way. It can be argued, of course, that to every
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probabilistic jamming choice (and its concomitant ph9) there
corresponds an effective jamming duty factor, which would be
the average fraction of the jammed active RCVRs per slot. This
can be computed after the system of equations for throughput,
composite traffic, etc, has been solved and the average number
of active transmissions per slot has been determined. However,
this is an indirect result of th total model and not something that
can be determined apriori, as p{;’ can; hence, we opt to express
everything in terms of the latter.

Again, a number of different probabilistic jamming scenarios
can be devised which correspond to the same value of p‘,"'.
Presumably, cach such scenario would produce a different
throughput for the system, and an exhaustive search would
require optimizing over pM as well as the underlying jamming
gd.f. However, in view o?the numerical conclusion of section

, the difference in throughput between the two scenarios was
rather insignificant, once the jamming duty factor was kept the
same. We will only consider the Bemoulli model, since it is
somewhat more amenable to analysis. Thus, we assume that
each unit is jammed with probability p; independently of all

others. It follows that E{MY)} = p,U, o that pié = p,

A second major analytical consequence of the considered
amming model is that *he jamming status of the set of active
CVRs in each slot is not statistically independent of the number
of active TRs Mr, as in the previous dedicated case, simply
because My depends on My via (39). We must, therefore,
rework the derivation of throughput in section 4 in order to

account for this fact.

In particular, let Ajy_y,denote the jamming indicator vector
within the random set of }A{R = U-My active RCVRs in a slot,
with Pr[Ag,l- ;{,,‘IMT] < Pr[A{- a,,.:.,A{, ST Y
denoting the conditional _Fxlpbabllity distribution function of that

vector, given My active TRs in the slot. Following the steps of
equation (9), we can wnite

pes-, s d))

=y {E Ah...,m,"{s'“" Suae )

5
= m,r" m.rf“r(mr)
. ?_‘ Pr[An, = tng IMr =m] T (ur, 80
(mp wU-mp)
43)
where Pr(mr.l..) is the probability of success from a typical

TR's viewpoint, given another (my ~1) packets and a specific
jamming pattern ap,) * A_gy in 4 slot. Again, if we define the
conditional version of equation (10), namely

T A T
) 2 Y prlAl =2l lmr] pl(oorau.ay)
s -y " U-mp

AU-my

“4)

we arrive at the same cquation (11). It follows that equation
(12a) remains the same, where now

Ty = 2 P{AD o= 80 mle] Py, )
or = & Abay o By

Furthermore, utilizing the approximation of conditional
i nce between RCVRs, we arrive at 2 slightly modified
version of (14):
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P;r(m'r)

= nZJPr[M{=m‘HmT]
R

‘I [1 P} @m757°%) U—mrmi(l Pi(mril))m{‘
U me mr

(46)
To proceed, we must evalvate the conditional quantity
Pr[M}= m}lmy] in (46). For any specific stochastic jamming
law, this is the solution to a combinatorial problem which can be
addressed with the help of the Vennian diagram of Figure 9 and
the total-probability law

Pr[M}= m}lmy] = 2 Pr{Ml=m}] Pr[m}lmrml] @)
J
my

where Pr[M{,= mﬂ] depends solely on the jammung stochastic

model. Although this can be a fairly complicated task, things
simplify significantly in a Bernoulli jamming scenario, because
then

Pr [My = iyl mr]
A (m’m U-mq, p{‘:) ;miSmR =U-~mqy
= 48)
0 ; otherwise

The combination of (46) and (48) yiclds an expression identical
to (16) for scenario 1, except that p,, and Np are substituted by
piSand U —my, respectively. We note that Scenario 2 would be
considerably more complicated to analyze, although the basic

theoretical path we i.ave provided herein should be adequate for
this task.

As we conclude in section 4a, the ahove results suffice to
calculste the throughput in (11) for case where pg = p, = p. The

more general case pg # p, requires the evaluation of pyg, and
fyq () as per section 4b. A careful review of the analysis
therein for Scenario 1 will convince us that ail the algorithms
remain intact, except that Np should be substituted by U -
my. In other words, the recursion in equation (24) will indeed

i ) (k) (U-m7)
produce Paiy » if we replace pm_m‘ by Pm,,m“"d pm.m‘

by Peimy, - 88 long as we use the average acceptance probability

PA@D) = Pl phCmnsd) + (1 - pl%) ph(mr )

instead of p:“ .

7. Numerical Results for Half-Duplex Networks

The ¢ devel herein has been applied to a fully-
connectedhe:ertywork wiql):d U=10 half-duplex u’;npits. Figures f’O
and 11 show the normalized throughput rB(r) versus the
jamming duty-factor, parameterized by the new-packet
transmission probability p,. In Figure 10, the uncontrotled (p,
= p) ALOHA protocol is corsidered. In Figure 11, the
controlled (p, # p,) ALOHA protocol is considered, where the
retransmission probability p, has been optimized. The system
parameters of both figures are identical to those in Figure 4.

Certain interesting conclusions can be drawn from these
figures: first, there is again an optimal p}4 which, for these
parameter values, is around p: = (.5, Furthermore, comparing
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Figures 10 and 11 with Figure 4, we conclude that half-duplex
has consistently lower throughput than the full-duplex version,
as expected. The throughput in Figures 10 and 11 reaches its
asymptotic maximum at p, = 0.5 (for the whole range of p}%);
in fact, no noticeable gain exists in the range py ~ 0.3 ~ 09.5,
particularly around the minimum value. The throughput for
the uncontrolled protocol eventually decreases as p, is larger
than 0.6, This is because when p, and p, are large, only a few
units can be RCVR's; and thus the throughput is reduced. On
the other hand, the throughput for the controlled and optimized
protocol keeps increasing as py increases. This 15 because when
pg becomes larger, the corresponding optimum p, becomes
smaller; and thus the throughput is kept escentially constant.

In Figure 12, we show that the worst case pis a function:

of the signal-to-jammer power ratio when the olger parameters
are fixed.

8. Conclusions

The problem of jamming fully-connected CDMA networks
has been addressed by devising appropriate models for
stochastic jamming alternatives. A procedure for malyziuget:e
throughput/delay ormance of such networks has been
g:ogosed. and employed to identify optimal parameter values

th from the user's and the jammer's viewpoint. The
optimized variables were (a) the spatial duty factor from the
jamming side and (b) the coding rate plus link-access parameters
of an ALOHA protocol, from the users' side. The impact of
hulf»@zg‘liex units versus dedicated TRs and RCVRs was also
examined.

Certain other types of networks would more or less fit the
Kmem model and can be analyzed by similar methods, such as
CVR-based codes, buffered users, etc, Maugor departures from
this model which are of interest are (a) multi jogies with
end-to-end performance measures and (b) adaptive schemes,
where both users and jammer rely on channel observables to
adjust their strategies. In general, the t::rupoxidon of CDMA
techniques and jamming can be expected to have an impact on
the reliability of such observables, which makes the analysis and
design of these techniques an even more challenging pmglcm
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Table 1. Key Parameters.

U Total number of radio units in the local channe! (fixed)

Ny Maximem number of potential transmitters in a slot (fixed)

Ny Max:mum number of potential receivers in a slot (fixed)

Mr Number of active transmitters in a particular slot (r.v.)

MaNumber of active receivers in a particular slot (r.v.)

B Number of backlogged users at the beginning of a slot (r.v.)

My Number of backlogged uscrs retransmitting in a slot (r.v.)

M, Number of new users transmitting in a slot (r.v.)

S Number of "channel successes” in a slot (r.v.)

g (m)  Prob{My=m}, unconditional pdf

A¢, 2,p) Pr{k successes in & trials),
binornial

with parameter p
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Unit Classification 1

777777777,
idle TR
>/ (cmpty buffer)
(LLLLLLLL,
originative
(new packer)
backlogged
busy TR (farled packet)
L—
|(nonempty buffer) [CTTXITTRY
active,
AN

Legend:
For half-duplex units {77/} means RCVR mode

while NN\ means TR mode

Figure 1. Genenal classification of packet-radio
unit status.
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Figure 2. Normalized throughput versus spatial duty-factor
scepario 2.

for full-duplex unils, scenario
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Figure 3. Normalized throughput versus spanal duty-factor

for full-duplex units, scenario 2.
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Figure 4. Normalized throughput versus sptual duty-factor

for full-duplex units, scenario 2
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Figure 5. Normalized throughput versus the spatial duty
factor Pe for scveral error-correction codes for
jamming, scenano 2.
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Figure 6. Normalized throughput versus the spatial duty
factoe p for full-duplex units, scenario 1,
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Figure 7. Average packet delay versus spatial duty-factor

for full-duples units, scenario 2, control and

optimized ®#p,).
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Figure 8. Normalizzd throughput versus spatial duty-factor
for full-duplex units, sceaario 1, coatrol and
opumized (g, #p,).
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Figure 10. Normalized throughput versus spatial duty-
factor for half-duplex units, scenario 1,
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Figure 11. Normalized throughput versus spatial duty-
factor for half-duplex unuts, sceaario 1,
controlled and optimized (p,# p, ).
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Figure 12. Normalized throughput versus spatial duty-
factor for half-duplex units, scenario 1,
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DISCUSSION

D.YAVUZ

In your generic development you invoked the independence of "packet
acceptance” conditioned on a given jamming strategy. Given a "jamming
type", the packet reception/acceptance of the jammed modes will be totally
correlated, i.e. no reception at all for that subset of modes, hence not
independent ! Could you clarify ?

AUTHOR’S REPLY

Dr YAVUZ, what I meant is that, once we condition on @ jammming pattern
in a specific slot, A’ = a, then jamming is not stochastic for gjat slot. What
remains is randomness due to all other nuicauses (noise, multi-user
interference, fading etc...). The statement means that the conditional
acceptance event is independent from one receiver to the other, due only to

these other disturbances. Unconditional acceptance is highly correlated, as
you noted above.

C. PHILIPPIDES

Have you considered encoding techniques which may be self synchronized
based on modulation character of the iransmitting signal which show channel
reception improvement ?
And if so have you noticed if applying encryption techniques minimise
jamming of the channel ?

AUTHOR'’S REPLY

The model is wvery general with respect to the particular
modulation/synchronizaiion/encryption mecanism used. Each such
combination will induce a different Pr (packet acceptance). The analytic
framework we proposed can be used to study all these combinations (please
comtact me if that is of interest to you ).

PR PPAR IO RS Y LT 3

wearens




SOME CONSIDERATIONS CONCERNING LOW NOISE
RADIO RECEIVING SYSTEMS

by

Knut N. Stokke
Norwegian Telecommunications
Regulatory Authority
Parkveien 57
N-0203 OSLO 2
Norway

INTRODUCTION

In order to get a good signal to noise ratio at very high radio frequencies
(higher than 20 - 40 MHs), low noise amplifiers are often used. Such
amplifiers should have a very low total noise factor (noise figure).
Normally it is the noise factor of the first stage of an amplifier which is
decisive for the total noise factor.

Losses in a system will also influence the noise factor of a systeam.
Consequently the losses in cables and wavequides must be taken into account
vhen considering the total noise factor.

The thermal noise radiation from the surroundings may increase the noise
temperature of an antenna. ror reflector antennas, such as parabolic
reflector antennas, the noise temperature is dependent on the elevation
angle, and also dependent on the form of the surroundings, mountains, hills,
buildings, etc.

The measurements referred to in this article, were done by the Radic
Interference Division in the Norwegian Telecom.

TECHNICAL CONSIDERATIONS

Pl’ll Pl\ﬂ

Figure 1. Four-~terminal network.

In Pigure 1 is sketched an element of a comuunication systes. The noise
factor P for this twvo-port may be defined as the ratio between the signal to
noise ratio at the input, and the signal to noise ratio at the output. We
then have:

R /Py
| 1.
p./P.O

where P, i. the input signal power, P, is the output signal power, P,; is
the noise power at the input, and P ., is the noise power at the output.

The power gain of this element is:

and if Bquatiorn 2 is introduced into Equation 1, we have:
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1P,
= 3.
G P,y

that is, the noise factor is inversely proportional to the power gain of an
element. This means that it is necessary to have a reasonable gain in an
element when we want a low noise factor.

F

4
[ —

F Fy Fy Fy
—& H 6 M6

Figure 2. Two-ports in series.

When we have several two-ports in series, the total noise factor is
{(Reference 1):

-1 rn-1 -1
Fo = F o+ + + + - 4.
Gy G, *G, Gy G, *Gy

whete P,, ¥,, P,, --- are the noise factors and G,, G,, G,, --- are the
pover gains of the elements.

If we want to use the formula on a receiving system, we may have conditions
as indicated in rigure 3.

Figqure 3. Antenna, cable, and amplifiers.

In Pigure 3, P, is the antenna noise factor. The noise temperature of the
antenna is due to the total thermal noise radiation into the antenna, and
there is no gain (G, = 1) concerning noise considerations.

G, is the power gain of the cable or waveguide, that is, G, is less than 1
which means attenuation.

F. is the noise factor of the cable, and is squal to the attenuation, 1/G_.
this may be explained by the fact that even if the signal through the cable
is attenuated by 1/G,, the thermal noise remains the same because of
constant impedance.

F,; is the noise factor and G,, is the power gain of the first amplifier,
F,, is the noise factor and G,, is the power gain of the second amplifier,
and so on.

If we introduce these values into Equation 4, we have:
r-1 r,~-1 r,-1

. t + + + - 5.
1 G, G °G,,

I1f the cable attenuation in dB is called a., we have:
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a = 10 log 1/G, or: G, =

y = ———
«. /10
10

and consequently:

«. /10
10

We also have that (Reference 1):
T, = (’I = 1)Tﬂ

T, + T,

r, - 6.
TO

where T, is the antenna noise in °Kelvin, T, is the reference temperature in
°K, and F, is the antenna noise factor.

If the noise factors are low and the gain of the amplifiers is relatively
large, we may with good accuracy only take account of the influence of the
first amplifier on the total noise factor. And if we then use 290°K (17°C)
as reference temperature, we have for the conditions given in Figure 3:

T, + 290 o, /10 P, -1

P, = ——— + 10 -1 4 ——
290 1
v, /10
10

T, «, /10
F,=— + F,,°10 7.

2%0

If the low noise amplifier is inserted just after the antenna as indicated
in Pigure 4, tL total noise factor is (see EqQuation 4):

o /10
T, +290 r, -1 10 -1
F' = + +
290 1 G,y
. /10
T, -
Pl w4+ P+ 8.
290 G,y
F
Fa al
Gal F

rigure 4. Antenna, amplifier, and cable.

In Pigure 5 are given curves for Equations 7 and 8 for different amplifier
noige factors F,,. G,, is here 16 (12 dB). The cable attenuation a, varies
from 0 dB to 1.5 dB. The antenna noise temperature is here 30°K, which may
be an average antenna noise temperature in nordic countries for national
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broadcasting satellite reception in the 12 GHx band (Reference 2). We
obgserve that losses before the low noise amplifier may considerably increase
the total noise factor, even if the losses are relatively low.
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Figure 5. Curves for Equations 7 and 8 when the antenna noise tem erature
Bgquation 7: —~—— Equation 8: ~—-—wew .

Especially when the amplifier noise factor is very low (cooled amplifiers),
for example 0.1 dB, losses before the amplifier may spoil the possibilities.
If we have a loss of 0.5 dB after the amplifier, the noise temperature T,
for the system is about 35°K. But if there is a loss of 0.5 dB before the
low noise amplifier, the noise temperature T, for the systea will be about
T0°K.

This exasple also indicates that it is advantageous to use low noise
preanplifiers near the antenna when we want to improve the signal to noise
tatio at the higher radio frequencies. And when the losses are of the order
of the order of 1 dB in the waveguide, which may often be the situation at a
tadio link station, it may be more advantageous to use an amplifier with
noise factor F,, = 1 dB near the antenna than an amplifier with P, = 0.14d8
after the waveguide.

Until now we have looked at losses in cables and waveguides. However, other
types of losses, as for instance mismatch losses, have the same destruktive
influence on the total noise factor.

.

i v i

- v
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4 . 3

Pigure 6. Cassegrain antenna and offset antenna.

Every object brought into an electromagnetic field represents a loss. For
instance an antenna sub-reflector in a Cassegrain antenna {Figure 6A) is a
lossy slement, and at the same time the sub-reflector disturbes the
electromagnetic field. In addition such a sub~reflector is not uniformly
illuminated, and a part of the energy passes outside the sub-reflector
causing a reduction in the signal strength. We see here that it is difficult
to separate between a loss in signal strength and an increase in thermsal
noise. But whatever the reason for the losses or reduction in signal
strength, they have an influence on the total signal to noise ratio.

AR W e

An antenna with offset sub-reflector, as indicated i rigure 6B, will not
disturb the incoming field, and the sub-reflector may be used to get a
better illumination of the antenna reflector. However, the effect of the
illumination factor of the sub-reflector is still there.

It is important to get the signal from the antenna to the low noise
amplifier without unnecessary losses. For a reflector antenna it would be
advantageous to let the signal go directly to the waveguide input of the
amplifier. Previously these amplifiers had rather large dimensions, and they
had to be placed at the rear of the antenna. Cassegrain antennas were
therefore well fitted under such conditions. However, low noise amplifiecs
(and converters) are now so small that they may be placed in the front of
the antenna without causing any severe disturbance in the electromagnetic
field.

An offset antenna may use the amplifier/converter directly in the focusing
area (rigure 6C), thus giving an effective antenna. However, we have to
remember that the construction of an offset antenna reflector is more
complicated than that of a parabolic antenna reflector. And a simple
parabolic reflector antenna with preamplifier gives so good results that it
is not so easy to get higher efficiency (illumination factor for a normal
receiving parabolic antenna is about 0.5, may be optimized to 0.55 - 0.60).

There is a type of antenna which may have higher efficiency, namely the horn
antenna. The illumination factor may here be more than 0.7. Large horn
antennas are expensive, and because of the space needed for such antennas,
they are used mostly in special cases. However, for frequencies higher than
about 20 GHz even small horn antennas may have adequate gain for receiving
systems.

“"’0 X
BB i
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0

Figure 7. Yagi antenna and parabolic reflector antenna.
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Concerning the thermal noise coming in to an antenna, the thermal noise
pattern for the antenna may be somewhat different from the ordinary electric
field pattern dependent on the conditions at the measuring site. A Yagi

v antenna has a very broad main lobe and the first sidelobes may not be more
than 10 ~ 15 dB below the maksimum, as indicated in Pigure 7A. The noise
temperature for such an antenna in the VAF ~ UNF band is therefore about the
same as the total noise temperature in the surroundings av. these
frequencies, that is about 300°K.
In order to illustrate how the total noise factor P, varies when the antenna
noise temperature is 300°K, curves for Equations 7 and 8 are given in Pigure
8. These curves are parallel to the curves in Figure 5 (parallel displaced .
by 300°K - 30°K « 270°K).

PRl L T TRt RV LR

'\

A

rigure 8. Curves for Equations 7 and 8 when the antenna noise temperature
Ts 300°K. (xquation 7: , Bquation 83: ——————< .

Parabolic reflector antennas have a very good directivity and small
sidelobes, and the antenna noise temperature varies with the elevation
angle. The noise temperature for an antenna in the 12 GEx band msay have
variations as shown in Figure 9 (Reference 2). When directed upwards to
clear cold sky the antenna noise teaperature may be as low as 8 - 10°K,
Directed to the horizon, the noise temperature of a reflector antenna may
increase to about 250°kK.

The curve in Pigure 9 is for flat earth. When there are hills, buildings,
etc., near the antenna, the conditions may be changed. It has often been
said that narrow beam reflector antennas may be mounted very low near the
ground. This is true vhen we receive high signal intensities. Hovever, if we
want to receive signals near the noise level, we have to carefully avoid
additional noise.
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rigure 9. Curve for the antenna noise temperature at 12 GHz.

Even if the sidelobes of parabolic reflector antennas may be more than
20 - 30 dB below the maximum of the main lobe, the high intensity thermal
noise radiation from near objects may have considerable influence on the
total noise conditions. Radiating objects in the surroundings may be at

% different distances, and the influence on the measured noise pattern may
\ therefore be different in different directions.

®
RELATIVE
10 FREE :
\ HORIZON
\ —
. !

« o° 100°

riqure 10. Influence of buildings on the thermal noise
in reflector antennas.

The thermal noise radiation from buildings may also reduce the signal to
noise ratio. As indicated in riqure 10, we had about 0.2 dB more noise
halfway between two buildings 5° apart than at free horizon. The antenna
used vas a 1.5 m parabolic reflector antenna, and the elevation angle vas
about 10*. The noise factor of the amplifier/converter vas about 1.3 dB,

0.2 dB is a very lov value and seems to be of no importance. As mentioned
before, that is true when we have high signal strengths. But when we are
working at low signal strengths, very low additional noise may have some
influence, especially vhen we have signal to noise ratios near the limit
between usable and not usable. An when we have a very lov noise factor in
the first amplifier, this effect will be sven more pronounced.
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Pigure 11. Parabolic reflector antennas at different sites.

Meagurements at two different sites, as indicated in Figure 11, gave higher
noise levels in the valley than on the hill, dependent on elevation angle of
the antenna. Therefore it may be important to have rather high antenna sites
when the elevation angle is low. And when there are trees in the
surroundings, we have to be aware of the fact that trees also are thermal
noise radiators.

MEASUREMENT OF THERMAL NOISE CAUSED BY A BUILDING.

In order to get information about the influence of the surroundings on the
thermal noise pattern of an antenna, the thermal noise caused by a building
was measured at an elevation angle of 25°, The elevation angle to the top of
the building was about 45°. The building and the noise variations referred
to the maximum noise level, are shown in Pigure 12.
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riqure 12. Thermal noise caused by a building.
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We see here that the influence of the building is about 2 - 3 to each side
of the building, and we reach the maximum noise values when the antenna is
directed about 2* into the building.

We then tried to find a narrow object which could radiate adequate thersmal
energy to give acceptable distance between the normal noise in the
surroundings and the thermal noise caused by the object. In Figure 13 is
shown a chimney at an industrial plant. The distance from the antenna to the
chimney was such that the horizontal width was less than 2°. Tie elevation

angle of the antenna was 30°, and the elevation angle to the top of the
chimney was about 50°,

RELATIVE
BIONAL
ST TR

-t

AN
|

ATIRUTE

Piqure 13. Measurement of the thermal noise pattern for a 1.5 a parabolic
teflector antenna at 12 GHx using a chimney as radiating source.

The relative noise pattern for the 1.5 m antenna is also shown in Pigure 13.
1f there had been no influence from the surroundings, the pattern should be
almost the same as the noraxl electric field strength pattern where the
sidelobes are more than 25 dB below the maximum gain.

INFLUENCE OF THE SUN COMPARED WITH RADIATION FROM A BUILDING.

In order to get an impression of the influence of the radiation from the
sun, the 1,5 » antenna was rotated around the horizon at a constant
elevation angle (about 20°; at a relatively open site. The sun vas then at
about 35° elevation angle. Almort no change in the noise level vas observed
wvhen the antenna was rotated 360°.
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The next measurement was done when rotating the antenna main lobe through
the middle of the sun. The elevation angle was then about 23°. In rigure 14
is shown the relative pattern for the thermal noise. The increase in thermal
noise relative to the thersmal noise at clear sky (and the surroundings) at
23* elevation angle was 10.1 db. If we compare with the maximum thermal
noise radiation from the chimney in Figure 13 and from the building in
rigure 12, the difference is 6 - 6.5 dB.

A measurement at a very low elevation angle (>bout 6*) half a kilometre from
a 60 m high building, gave 2.3 db increase in the received noise. These
results are rather surprising because of the relatively high thermal noise
radiation from buildings and other objects.

If we use Equation 7, we may find an expression for the thermal noise
registered for instance on a spectrum analyser. We will always have a
certain loss between the antenna and the first amplifier, and this loss was
in the order of 0.25 dB. Referring to Figure 3, we assume that the
amplification of the pre-amplifier/converter is of such a magnitude (often
wore than 50 dB) that we may iynute ihe uvise factor of the spectrum
analyser,

The noise factor of the first amplifier was 1.3 dB, that is, r,, = 1.35,
We have:

T, w /10 T, 0.25/10
P,om— + 2,10 * —— +1,35:10
290 290

ror measurement 0f the noise caused by the sun, the elevation angle was 23°.
From Pigure 9 we see that the antenna noise temperature for clear sky is
25°K. The total noise factor is then:

25 0.2£,10
Fo = — +1,35:10 = 1.52 (= 1.8 dB)
290

which corresponds to a noise temperature of T = (F - 1)T, = 151°K.

rrom P = kTB we see that the noise power is proportional to the noise
temperature. If the power is increased by 10.1 dB, the noise temperature of
the sun measured with a 1.5 =& parabolic antenna should be 1545°K.

AT b e IO
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If we consider the radiation from the building in FPigure 12, the elevation
angle was 23°. The noise was increased by 3.8 dB, which means that the noise
temperature of this building was 362°K. The real noise temperature of such a
building is higher than the absolute temperature for such a building, which
normally is 290 -~ 295°K.

Even if we look at the measurements for a 60 m high building at half a
kilometre distance, we also have a higher noise teaperature than the norsal
temperature of a building. From Fiqure 9 we have that the antenna noise
teamperature at 6° elevation is about 60°X, and we have:

60 0.25/10
Y, = —— + 1.35-10 = 1.64
290

which corresponds to a noise temperature of 185°K. 2.3 dB increase gives a
noise temperature of 314°K for the building half a kilometre away.

It is surprising that the radiation from the sun does not give more than 6 -
7 dB higher noise level than the noise radiation from a building aboat 100 =
away. However, the measurements were done in the autumn and at a low
elevation angle (23°).

Relatively few measurements were done concerning thermal noise radiation
from different object. The results in this article are only indications of
what may be expected under the conditions described.

The measurements described in this article were done in the 12 GHx band. If
we shall use higher frequencies, the thermal noise will be even more
inportant. For example for broadband systems in the cable-TV distribution, a
frequency band in the 40 GHz range may be used. A 2 GHz band in the 80 GHz
range (84 - 86 GHx) has already been allocated to satellite broadcasting.
However, at such frequencies the noise factors for receiving equipment will
be rather high until there has been some development in these bands.

ror instance the noise factors for normal receiving equipment in the 12 GHz
range was about 6 dB in 1977. In 1984 a noige factor of 3 dB could be
achieved, and now it is possible to have noise factors as low as 0.5 dB. A
similar development is expected for the higher frequency bands.

CONCLUSIONS .

It is important to have as lov losses as possible between the antenna and
the first amplifier in a receiving gystem. The use of very lov noise
pre-amplifiers near the antenna is advantageous when we want to receive low
signal levels.

The thermal noise radiation from buildings seems to be higher than indicated
by the absolute temperature. When working at very low signal levels and at
lov elevation angles, we have to be aware of the possibility of an increase
in the thermal noise because of buildings and other objects in the
surroundings or ac the horizon. We should also try to have better clearance
angle to buildings, etc., than seen from the normal field strength pattern
for the antenna. This should especially be taken into account when it is
very important to have low noise factors, as for instance in radio link
systems and in satellite receiving aystenms.
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DISCUSSION

George H. HAGN

When considering the clearance of a building or an obstacle one normally
computes the first Fresnel zone to check the clearance when aligning the
antenna. Now it seems that we may have a different alignment rule required
when siting a receiving antenna for low noise operation.

Would you comment ?

AUTHOR’S REPLY

The power gain G (refered to an isotropic antenna) of a parabolic reflector
antenna is :

G~5():

where d is the diameter of the antenna and s the wavelength.

At 12GHz ( A = 2.5 cm) a 1.5 m antenna has a gain of :

G=5( 425__2 )* = 18000 (= 42.6dB)

The angle from maximum gain to the - 3dB point of the main lobe for such
an antenna is :

P =4 ‘/27843 - 0,62°
2 G

and the angular distance to the first minimum (= the angular distance to the
end of the main lobe) is about 3 times this value, that is about 1.8°.

If we look at the radius h, of the first Fresnel zone, we have :

by~ m

where r, is the distance from the receiver to the actual shielding object. This
equation is an approximation when we are relatively near the receiver (that
is, near the receiving antenna),

At for instance 100m distance we have :

h,~ /0.025.100 = 1.58m

which gives an angle <p , to the actual object of :

<p, = arctan 4.58 = 0.91°
Ao
That is, well within the main lobe.
In fact, a noise 1adiator at that point will have a rather high gain within the
main lobe.
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When we refer to the strength of the received signal, we may use Fresnel
zone considerations. However, when we look at the thermal noise coming

into an antenna, it may not be sufficient to keep only the first Fresnel zone
free. In fact, my paper shows that especially when we want to receive low
signal strengths, it may not even be sufficient to keep the main lobe free
because of high intensity thermal radiation from near objects into the
sidelobes.
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CONTRIBUTION DES GAMMES METRIQUE ET DECAMETRIQUE AU CONCEPT
DE RADAR DE VEILLE : PERFORMANCES A °ITE BAS ET COMPARAISON

AVEC LES RADARS CLASSIQUES

Office
Aérospatiales,

RESUME

Dans le contexte du probléme de la
détection des cibles évoluant A basse altitude,
et des possiblités qu'offrent des systémes
fonctionnant en basses fréquences (gammes HF
et VHF), on présente des résultats de modéles
de la propagation A site bas sur la terre et sur
la mer. Les performances théoriques de ces
syst®mes nouveaux sont comparées 2 celles des
systtmes classiques fonctionnant en
hyperfréquences.  Deux exemples (radar de
veille sol-air, radar 'marine’ d'alerte précoce)
illustrent la comparaison.

INTRORUCTION

L'évolution du radar au lendemain de la
seconde guerre mondiale 8 été marquée par la
recherche de systdmes de détection alliant
compacité, résolution et précision de
localisation. L'utilisation de fréquences de plus
en plus €levées, les nécessités de traitement de
signal rapide ont été le moteur de la recherche
de pointe en électronique (développement de
nouveaux composants, essor de la
microélectronique).  Parall}lement au contexte
évolutif du radar, on a attaché de plus en plus
d'importance aux contre-mesures, ¢t aux
techniques de contr¢-contre-mesures.
Néanmoins, le probl2me de ia cible pénétrant a
basse altitude, derridre un masque de terrain
constitue unc stratégic de contre-mesure
élémentaire et réaliste 2 Jaquelle les radars
classiques fonctionnant en hyperfréquences ne
savent faire face.

On peut imaginer pour pallier cette contre
mesure  élémentaire de développer des
systtmes de détection fonctionnant dans les
bandes de télécommunication (HF-VHF) qui ont
la propriété intéressante d'étre robustes vis 2
vis des masques. 11 s'agit de nouveaux
concepts de radar, dont nous allons établir une
comparaison avec les radars de veille
classiques, sur le plan de la portée 2 site
bas, Trois exemples de dimensionnement de
structures radar sont donnés et complétés par
une synthése comparative de leurs
performances.

National d'Etudes et de Recherches
Chatillon sous Bagneux 92322, France

PHENOMENES DE PROPAGATION

La propagation troposphérique est régie
par plusicurs phénomanes dont les principaux
sont :

- la réfraction, liée aux effets de gradient
d'indice

- la réflexion, li€e a la présence du sol

- la diffusion et la diffraction qui traduisent la
contribution électromagnétique des obstacles
(trajets multiples ou fouillis)

PROPAGATION A SITE BAS

Le calcul du champ électromagnétique
rayonné par un doublet situé au dessus d'un sol
de caractéristiques €lectriques données, a
courbure sphérique est un probl®me ancien,
abordé par Sommerfeld, Bremmer ¢t Wait.[1]

Le modéle utilisé prend en compte les
effets de réfraction troposphiriques (gradient
d'indice standard de -39.10-6/kms). Pour le
calcul du champ, on est amené 2 distinguer deux
zones physiques , de part et d'autre de I' horizon
(figure 1) :

- une zone de visibilité od la propagation
est optique

- une zone d'ombre, 2 grande distance ol la
propagation résulte des phénomines de
diffraction sphérique et d'onde de surface (on
n'envisage pas , ici, la propagation guidée dans
les conduits troposphérique ou ionosphérique )

L'horizon radioflectrique s'exprime en
fonction des altitudes des points d'émission et de
réception :

Dhgum = V17-hgqm) + Y 17.hy(my

En zone de visibilité (1) le champ électrique
résulte de la superposition des champs direct et
réfléchi par la surface des interférences
apparaissent, et sont d'autant plus prononcées
que le module du coefficient de réflexion est
voisin de 1. A incidence rasante , en polarisation
horizcntale, le coefficient de réflexion est proche
de -1, quelque soit le type de sol. Par contre, en
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polanisation verticale, 1l dépend du type de sol et
de la fréquence. En particulier aux basses
fréquences, sur la mer, son module est inférieur
A 1 et sa phase inférieure 2 180° de sorte que la
perte de champ (interférence destructive) qui
préceéde l'horizon est moins prononcée.

En zone d'ombre (2), au dela de I'horizon, le
champ décroit plus vite qu'en espace libre, et la
propagation 2 grande distance, qui fait intervenir
des phénom2nes d'onde de surface privilégie
I'utilisation de la polarisation verticale sur un sol
bon conducteur (cas de la mer). Le modele
utilisé calcule la séric des potentiels de Hertz,
selon la méthode de Bremmer (1,2].

Aux distances voisines de I'horizon,
l'influence des différents paramétres n'est pas
simple A expliquer, car elle résulte d'un
compromis entre la qualité de la propagation
optique et la qualité de la propagation dans
I'ombre. De plus, dans une partic de cette zone
intermédiaire, le¢ champ est calculé par
interpolation, car les modgles des zones (1) et (2),
a leur frontidre, peuvent diverger et ne pas se
raccorder.

Les figures 2 & 5 préscntent I'évolution des
pertes de propagation par rapport 3 [l'espace
libre,

- 2 10 Mhz, 100 Mhz et 3 Ghz

- sur la mer et sur le sol (terre) de
caractéristiques:
(mer) €=80 (sol) €=10
o=4 6=0.01

- en polarisation horizontale ou verticale,
pour un doublet court devant la longucur d'onde.
L'émetteur est situé A 30 meétres du sol. La zone
d'interpolation est repérée A l'aide de pointillés,
I'horizon par une fléche verticale.

On constate que, quels que soient le type de

sol et la polarisation ,Ja propagation transhorizon
A trés grande distance (>160kms) classe par
ordre d'intéret décroissant les gammes HF, VHF,
et hyperfréquences.
La propagation des hyperfréquences en zone
optique est bonne , aux interférences prés ( dont
I'influence es*, pratiquement, att€nuée par les
effets de diffusion ). A la limite (cas de l'optique)
la propagation est parfaitc jusqu'ad I'horizon, et
nulle au deld.

L'utilisation de la gamme HF sur la mer, en
polarisation verticale (polarisation requise pour
satisfaire au micux les conditions sux limites 2
l'interface conducteur) est promettcuse en degd
et au deld de l'horizon.

En gamme VHF la propagation avant
I'horizon est moins
meilleure dau deld.  Aux distances moyennes
(<150 kms) la propagation sur la terre, est
meilleure en VHF qu'en HF

Quelques applications, dans le domaine des

bonne qu'en bande S,

communications corroborent ces propriétés :
- liaisons "A vue", faisceaux hertziens
- communications marines : MF-HF
- communications sol / sol : VHF

Ce dernier exemple résulte également d'un choix
faisant intervenir la robustesse d'une liaison vis 2
vis des masques de terrain ou obstacles
macroscopiques, dont nous  allons maintenant
évoquer l'influence.

DIFFRACTION PAR DES MASQUES

Lorsqu'un obstacle intercepte I'ellipsoide de
Fresnel d'une liaison dégagée entre deux points,
la propagation se trouve atténuée (figure 6) .

La modélisation du champ électrique, dans
I'ombre d'un obstacle tel qu'une colline ou une
vailée encaissée est complexe . Il est possibie
d'obtenir des ordres de grandeur du champ
rayonné en considérant le cas du diedre semi-
infini, dont la solution rigourcuse est due 2
Sommerfeld. Il existe également une solution
approchée, qui est la solution de loptique,
indépendante de la polarisation, et qui est
relativement proche des résultats de mesure de
champ effectuées sur la terre.[3}

Le champ regu par un récepteur est donné
en amplitude et en phase par l'expression simple

E oo 2 ,2 1 1
— jxté/2 = = (— —
Eo -}v elxt%/s de ol v=h X (dl +d2

avec :
Eo = champ d'espace libre
A= longueur d'onde
h = altitude de 'obstacle
dl= distance émetteur-obstacle
d2=  distance récepteur-
obstacle

Les figures 7,8,9 présentent la répartition
du champ, rapporté au champ d'espace libre , 2
10,100 Mhz et 3 Ghz. Les basses fréquences sont
avantagées. Aux trés hautes fréquences, le

champ dans l'ombre de l'aréte est négligeable.

Les performances en détection des
systtmes radar sont , dans le cas général,
complexes a évaluer : outre la qualité de la
propagation elles font intervenir le niveau de
S.E.R. (section efficace radar) des cibles, le facteur
de bruit, le type de traitement ....
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En l'absence de brouilleur les performances
en détection des syst®mes radar sont données

par l'expression du rapport signal 2 bruit
€nergétique :

S Pm.T.Ge.GrA2.X 12

B = “@IPDYFKTe
Py = puissance moyenne émise

T = durfe d'intégration

A = longueur d'onde
Ge,Gr= gain des antennes

D = distance radar<cible
F = facteur de bruit radar

KTo = -204 dBJoules

3 =SER. delacible

L = pertes de propagation

DIAGRAMME DE COUVERTURE

Dans le but d'isoler, dans un premier temps,
I'impact des effets de propagation a site bas sur
les systdmes de veille, nous considérons une
classe de  radars poss¢dant une portée en
espace libre de 400 kms.

Pour une altitude h donnée, on recherche la
distance D telle que

{D/Do)2 = L{D,h,fe,0)

L = pertes de propagation

h = altitude de la cible
avec Do = portée cspace libre
f = fréquence d'émission

€ = permittivité du sol
¢ = conductivité du sol

DETECTION AU DELA DE LHORIZON

Les figures 10 & 13 présentent les diagrammes
de couverture pour trois fréquences, sur terre et
sur mer, en polarisation horizontale et verticale.
La courbe en pointillé représente la limite de
visibilité (horizon)

En polarisation _ verticale, 1'explication
physique des phénoménes qui conduisent 2 ces
diagrammes de couverture est simple. Plus la
fréquence d'émission est basse, plus importants
sont le couplage et le transfert d'énergie avec le
sol. Si de plus, limpédance de surface est faible,
alors cette énergic communiquée au sol sera
propagée (par onde de¢ surface) avec une
dissipation (pertes) faible.

Sur mer (figure 10) ces deux propriétés
sont verifies A 10 Mhz et conduisent 2 une
détection au deld de I'horizon cnvisageable
jusqu'd 160 kms. Par contre en VHF (100 Mhz),
le couplage subsiste mais I'impédance de surface
augmentant, la dissipation dans le sol devient
importante et les propriétés de détection 3 site
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bas qui en découlent sont mauvaises. Lorsque la
fréquence augmente encore (3 Ghz par exemple)
le couplage avec la surface disparait et la
propagation en degd de I'horizon s'améliore : la
portée radar devient alors voisine de Ia portée
optique..

Sur le sol (terre, figure 11) de faible
conductivité les ondes de surface -dont la
dissipation est excessive - sont inexploitables,
aux trois fréquences considérées ; tout couplage
avec la la surface s'avere néfaste . Notamment
en HF la portée radar est trés inférieure 2 la
portée optique. Le couplage disparait dés que Yon
utilise la gamme VHF : 2 100 Mhz on rejoint (et
dépasse méme trés légirement - par le jen de
coefficient de réflexion en phase avec le trajet
direct) 1a courbe de couverture optique (horizon).

Le comportement des radars opérant en
hyperfréquences est proche de Il'optique
détection assurée théoriquement jusqu'a

I'horizon, si I fréquence tend vers l'infini.

Enfin en polarisation verticale, on peut
observer des fluctuations en fonction de la
fréquence, de la portée autour de I'horizonm,
fluctuations qui apparaissent par le biais des
coefficivats de réflexion. Les schémas de la
figure 14 résument la philosophic de I'évolution
de la détectabilité A site bas en fonction de la
gamme de fréquence retenue.

En polarisation horizontale (figures 12 et
13) aucun couplage bénéfique n'est & attendre du
sol ou de la mer. La couverture limite est la
couverture optique, atteinte théoriquement
lorsque la fréquence tend vers l'infini.

DETECTION DERRIERE UN MASOUE

La figure 15 présente la couverture radar, dans
l'ombre d'une arétc de 400 métres de haut,
située en vue du radar, 3 80 kms. Les fréquences
basses (gammes HF et VHF ) sont privilégiées.

DIMENSIONNEMENT DES RADARS

Jusqu'a présent nous avons décrit

linfluence de la propagation sur les portées des
radars a l'égard de cibles évoluant A basse
altitude, en fonction de la gamme de fréquence
de fonctionnement, pour une portée ‘en espace
libre' donnée.
En fait, l'analyse des performances des systémes
en fonction de leur fréquence d'émission, pour
étre objective, doit inclure également la variation
d'autres paramétres , contenues dans l'expression
du rapport signal 2 bruit énergétique :

S Pm.T.Ge.Gr.KZ.E.LZ

B °  (@&ID3DAFKTo
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Outre le facteur en A2 qui favorise l'utilisation
des basses fréquences, I'expression fait
apparaitre différents termes dont la nature et les
valeurs différent selcn la gamme de fréquence
utilisée:

-la durée d'intégranion, lorsqu'on effectue un
traitement doppler cohérent la durée maximale
d'intégration cohérente varie en VI ; en effet le
résidu de phase lié au mouvement de la
cible et non compensé par le traitement doppler
s'écrit a l'ordre 2 :

8 = 2nf.p(V,I)t2 (p fonction
scalaire de V vitesse de la cible, I' accélération)

Ainsi, typiquement, la durée limite d'ntégration
cohérente sera de :

- quelques dizaines de milisecondes en
bandes L,S,C

- quelques centaines de milisecondes en
VHF

- de Fordre de la seconde en HF
Par ailleurs les radars fonctionnant en gammes
HF ou VHF ne possdédent pas d'ambiguité
doppler-distance (les dopplers maximum
observables étant toujours inférieurs 2 la
fréquence de répétition des impulsions)

= les gpains des adriens sont li€s aux surfaces
d'antennes physiques; aux grandes longueurs
d'onde on utilise des réscaux phasés plus
encombrants que les antennes hyperfréquences,
mais, en revanche, moins vulnérables (la
destruction partielle du réscau n'entrainant pas
la supression totale des performances).

=le facteur de bruit du radar F dépend de la

qualité¢ des chaines de réception et du niveau du
bruit atmosphérique ambiant, Dans les gammes
radar classique le facteur de bruit (de l'ordre de
5 2 10 dB) est li€ au deux phénomenes. Aux
basses fréquences il est donné par le facieur de
bruit atmosphérique, qui domine ; de l'ordre de
25 2 30 dB en gamme HF.

: i dépendent, comme
étudié¢ précédemment, de la fréquence et de la
configuration choisies (polansation, type de sol)

=lg section efficace radar  (SER.) est un
paramétre qui dépend de la géomeétrie et de
I'attitude de la cible, et de la fréquence
d'émission. On distingue en général trois zones
de variation de la S.E.R en fonction des
dimensions relatives de la cible par rapport i la
longueur d'onde (rapport a/A ). En zone de
Rayleigh (a/A <<1, typiquement les ‘'petits' avions
en gamme HF ) les niveaux de SER sont faibles,
mais augmentent avec la fréquence En zone de
résonance ( 1< a/A <10 , C'est le cas des avions
en gamme VHF) les niveaux sont généralement
plus forts, mais peuvent varier énormément en
fonction de la fréquence (de l'ordre de 30 dB) En
zone optique ( a/A >>1 , cas des cibles en

hyperfréquences) les niveaux sont de plus en plus
imprévisibles, du fait de l'utilisation croissante
de matériaux absorbants tendant & faire chuter
le S.ER.

EXEMPLES

On décrit deux exemples d'avant projets de
radars fonctionnant en basse fréquence , et que
I'on compare 3 un radar classique fonctionnant
en bande S :

- détection avion 3 80 kms (vue de
face), altitude 30m

- détection missile 3 50 kms (vue de
face), altitude 30m

- fréquence = 10 Mhz

Le choix de la fréquence résuite de la
modélisation du rapport signal a bruit (figure 16)
qui présente un maximum , du fait des effets de
variation inverse de la SER et du facteur de bruit
d'une part, de la qualité de la propagation d'autre
part.

_ Radar de veill f-gi

- détection jusqu'd 400 kms, en vue
dégagée
- fréquence = 100 Mhz

Le tableau suivant résume les caracténistiques
des trois radars.

- performances en détection :

La puissance 2 émettre en VHF est plus
faible qu'en bande S, pour la méme portée en
espace libre (400 kms). Le radar VHF est
robuste au voisinage de l'horizon et 2 I'égard des
cibles masquées.

Le radar 'manne’ fonctionnant en HF A de
bonnes propriétés de détection au deld de
I'horizon. On peut envisager son utilisation
comme systtme d'alerte précoce, implanté a bord
d'un navire .

En gammes HF et VHF la directivité en
gisement s'obtient au prix d'un déploiement
horizontal trés mportant: plusieurs centaines de
metres en VHF, plusieurs kilométres en HF. Le
nombre d'antennes utilisée croit  alors
considérablement, 3 moins de sous échantillonner
la figure géométrique de réseau : le réseau
devient alors lacunaire. La directivité en site
risque également d'étre médiocre s le
déploiement vertical des antennes du résecau est
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RADAR MARINE
Bande HF
Fréquence 10 Mhz

Polarisation v

S.ER. avion 0.2 m2
Fact. de bruit | 30 dB

Durée traitt 1s

T/R 200us/3ms
GAIN ER 13 dB
Puiss. créte 6 kw

Puiss. moy. 400 w

PORTEE 100 kms
(A vue)
PORTEE 80 kms
(30m/sol)
(s/b) (13dB)
DIMENSIONS.... Réseaux d'antennes
antenne
10 émetieurs
10 récepteurs
150 m
RESOLUTIONS
gisement 8°
distance qq 10 kms

VHF CLASSIQUE
VHF S

100 Mhz 3 Ghz

v HouV

10 m2 1m2

10 dB 8 dB

0.1s 5-10 ms
100us/3ms 100ps/3ms
18 dB 40 dB

50 kw 500kw

1.6 kw 17 kw
400 kms 400 kms
75 kms 65 kms
(13dB) (21dB)

32 émetteurs
32 récepteurs

234 m 2.3m 3.5m
2.5° 1.16°
qq 100 m qq 10 m

faible. Le R..A.S. [4) - Radar @ Impulsion et
Antenne Synthétiques -, fonctionnant en VHIF
posséde ainsi des pouvoirs de résolutions
comparables & ceux des radars de veille
classiques, grice 3 sa lacunarité et au dénivelé
important des antennes du réseau.

En gamme HF dans l'application 'marine’
(ol lon s'est fixé un déploiement de 150 m, les
capacités de localisation sont mauvaises, mais on
peut envisager son utilisation comme systéme
d'alerte 2 bord d'un navire, En revanche, un plus
grand déploiement ( possible sur le littoral par
exemple) permettrait d'effectuer une
surveillance 'marine' performante du point de
vue de la localisation.

Quant 2 la résolution en distance, liée 2 la

bande du signal radar, clle est A priori hmitée en
HF du fait de l'encombrement spectral (raies
parasites et interférences). On peut néanmoins
envisager un mode de fonctionnement &
plusieurs fréqucnces, émises simultanément, aux
emplacements clairs du spectre.

- interférences et brouillage :

Les radars opérant aux grandes longueurs
d'onde ont des pouvoirs de résolution angulaires
moyens , et pergoivent donc des niveaux de
fouillis importants, notamment 2 site bas. Le
fouillis de mer (application marine) et le fouillis
de sol (détection derridre un masque, ou 2 site
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bas) dépassent en général la cibie d'au moins 70
décibels. L'intégration doppler est indispensable
pour isoler la cible, comme c'est le cas pour le
RI.A.S , notamment pour ce qui concerne la
détection des navires [5].

L'élimination des brouilleurs intentionnels,
dans un contexte de contre mesures réalistes
appliquées aux radars ‘'basses fréquence' fait
I'objet de traitements adaptatifs sur le réseau de
réception . Sachant que le nombre de brouilleurs
€liminables est une fonction croissante du
nombre de capteurs du réseau, les systimes
‘basses fréquences’ constitués d'antennes
réparties semblent avantagés par rapport aux
systémes radar hyperfréquences qui disposent
rarement de plus de trois antennes, En revanche
les brouilleurs  'basses fréquences’ sont plus
faciles & constituer.

CONCLUSION

Des systémes radar futurs fonctionnant en
gamme HF ou VHF semblent prometteurs vis 2
vis des performances en détection 2 site bas. De
plus, ils ne sont pas sensibles aux absorbants
utilisés en hyperfréquences pour diminuer les
niveaux de section efficace radar. Par contre les
performances de localisation , pour égaler celles
des radars classiques requidrent un déploiement
au sol important. Certains traitements sont

indispensables traitement doppler cohérent,
traitement d'antennc (réseau). D’autres
traitements , spécifiques aux antennes réscaux,
ouvrent la porte 2 un grand nombre
d'applications, limitées dans le cas des radars
classiques utilisant unc antenne de configuration
figée.
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DISCUSSION

E. SCHWEICHER, BE

La portée de 50 km du radar marine d’alerte précoce est-elle valable pour les
missiles a vol rasant (sea skimmers en anglais) ?

AUTHOR'’S REPLY

La portée est valable pour les missiles évoluant 2 10 cu 30 m de la surface.
Les résultats sur la détection de missile sont issus d’'une modélisation
simplifiée de sa section efficace radar.

John S. BELROSE

You have presented classical groundwave propagation curves, comparing
10MHz, 100MHz and 3GHz for a fixed ground conductivity and dielectric
constant, These parameters for land of a particular type depend upon
frequency. For a detailed comparison of propagation over a particular terrain
I suggest that you should have used the appropriate effective conductivity and
dielectric constant parameters. This would give you different results. Have
you given this matter consideration ?

AUTHOR'’S REPLY

La constante diélectrique et la conductivité prises en compte sont des valeurs
moyennes ; il est peu probable que la variation de ces paramétres pour un sol
donné soit significative, de 10MHz & 100MHz ; par contre, la variation de

( €, ¢ ) en fonction du type de terrain (sol sec ou rocailleux) peut étre
importante, bien qu’en pratique (ayant testé différentes valeurs de (€ , p )
pour le sol) on ne constate pas de changement de comportement des courbes
de propagation. Sur la mer, par contre, les effets de diffusion/diffraction par
les vagues dépendent fortement de la fréquence et requierent de considérer

des valeurs de conductivité équivalente variables (de 4 2 1 en fonction de la
fréquence et du vent).
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PROPAGATION STUDIES OF A 60GHz COMMUNICATION SYSTEM
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D-7530 Pforzheim
Germany
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1. Introduction

According to the importance of the VHP Radio
System the enemy has concentrated enormous
activities to reduce and degrade the system

rformance. This electronic threat results
n a number of Rlectronic Counter Measures
(KCH), mainly in Interception and Jamming.
Automatically switched on "Set~up Recsivers”
allow total surveillance of the VHP-band.
Besides passive surveillance, active Counter
Measures can follow,

New requirements wers defined according to
the future electronic threat:

* Security against
- Interception and Detection

- .-{uoa
- ng

* Inprovement and Upgrading of
Communication Capacit

* Secure data transaission for
Automatic Command, Control
and Weapon Systeas.

These tactical requirements resulted in
investigation of new principles and new
technical requirements for the equipement:
digital transsission

digital voice modulation

secure coding methods

Frequency scoaomic methods

Spread . pectrum application

encr' ..cion

Realigation of such systems is feasible.
Limits are set because of multipath effects
and communication capacity in the VEF-range.

A new possibility for the future is the
selection of new frequency ranges. Regarding
gonibh frea ranges, ons comes up to ranges
igher than 10GH3.

Atsospharic attenuation is a main factor
influencing propagation. Resonator effects
lead to high value of attenuation. There are
some Maxima and Minima, where the ranges of
35GHz, 60GH:x and 95GHz are of special
interest.

. ween e

In the case of 60GHz, atmospharic attenuation
comes up to 15d8/km. The additional
attenuation essentially reduce transmission
range.

All:ling system values for a transmission
n

Gt = Gr » 7dB Antenna Gain
Pt = 1W Transmitted Power
Pr » -30dBm Receiver Sensitivity

the range will be only 680m. Including
rainfall assuming a rate of 10mm/h, the range
is reduced to 520m.

For the evalution of RCM resistance of a
radio systsm, it is necessary to consider
surveillance and jamming conditions. Antenna
gain of surveillance receiving equipement is
assumed to 30dB, 8o 60GHz can bde detectad
over a distance of about 2000m. The
atmospharic attenuation of 15dB/km at 60GHz
is an excellent means of achieving BCM-
resistance.

The 60GHz frequency band offer broadband
capacity and  hig resistance  against
Interception and Jamming. PFor soms short
radio nets 60GHx is a practical solution.

2. Measuring Equipement

Transmitted data, a pwdo random noise
sequenve with length of 2'%-1 bits, are given
from & word generator. BMit rate ocan be
seleated from 0,125Mbit/s to 8Nbit/s. Switch
enables to select h‘o&mc{ Nodulation (M)
or Phase Modulation (PM). In case of FM the
Voltage Controlled Oscillator (VCO) at 150MH:x
is tuned by the digital signal, producing 2-
78K modulation. ros M phase of 130Mix signal
is  switched $90°. Modulating signal is
differentially coded to roduce 2-DPSK
modulation. Mixing <the 150MHz band and
signal of a 20MHs quarts oscillator generates
2 fraquency bands at 1)0MHz and 170MHz. One
band or both of these bands can be selected
for transmission, thus enabling frequency
diversity.

The if at 130/170MHz is converted to JIGHz
using a 2,85GHz phase loocked oscillator
(PLO). 3GH: band is mixed up to 61GHzZ. A
50GHx PLO is used as local oscillator. 61GH:x
signal is amplified by a 3-stage injection
locked amplifier with 22dB gain. Output power
at antenna plane is about 100mW.

Receiver converts 61GH: band down first to
30Hz and second to 130/170MHz using PLOs at
frequencies 36GHx and 2,85GHz. The if bands
at 130MHz and 170MHs are filtered, amplified
and limited. A number of filters enables
selection of narrow bandwidth in case of
bitrates < 8Mbit/s. After demodulation,
baseband signals can bs selectsd and in case
of ¥SK also combined., Analog bassband signal
is converted to digital level and in cass of
DPSK differentially decoded. At video outputs
of limiting if amplifiers if-power can be
measured.

e

mra
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3. Measuring Conditions\Environment

Received signal power and bit errors are
measured. In time slots of 10ms bit errors
are counted and if video signals are A/D~
converted. Results are transferred to a
personal computer (PC). Stored data can be
computed by the PC giving signal to noise
ratio (8/R) and bit error rate (BER). Data
can be accessed to statistical software.

Measurement equipement consist of transmitter
and receiver 1located in two vehicles.
Measurenents result stationary or with slowly
moved receiver in different environments.
Roads with vaegetation on both sides and
forest roads are main selectsd. Distance
between transmitter and receiver is varisd to
about 400m.

4. Measursments with Moved Receiver and Fixed
Transmitter

In the first test configuration both vehicles
were on a street without special obstacles
(1ine of sight). Driving one vehicle away
from the other, variations of field strength
were measured. Variations cows up to nearly
3048 (fig. 1). The distance between adjacent
minima and maxima becoms larger with larger
distance.

The signal to noise ratio and the bit error
rate as function of distance are shown in
fig.2. Two 1lines of 8/N apply to if 130MHz
and if 170MHz. Bit error rate is increasing
at the minima of 8/N.

Fig.) and fig.4 show the results of
weasurements with FSK and DPSK at a bit rate
of 8Mbit/s. PFor comparison, theoretical
values are outlined with a paramatsr o. The
parameter ¢ is defined as the relation of
direct received signal energy to the mean
square value of multipath signals, aocording
to models of RICE-fading.

This gives ¢ = 0 no direct signal
C wgp no multipath signal

The measured BER (steady movement of one
vehicle) shows tollowing results:

- at high valus of S/R, mean BER is in good
agreement with RICE-fadig.

~ at low value of S8/N, BER exceed the values
of RALEIGH-distribution. Additional errors
ma¥ be caused by intersymbol interference
which is not included in the models.

- DPSK results in bstter BER than FSK.

On grass direct recsived signal is main part
of received signals. According to influance
of grass only diffuse reflection is added.
The results on grass are shown in fig.5 and
6
- 8/N values are mors concentrated

- RER are much bstter and in good accordance

to theory.

5. Measursments with Stationary Receiver and
Transmitter

Varations of received signals o